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1,  Introduction;  Our  genome  harbors  many  endogenous  retroviral  sequences  and  some  of  them  may 
continue  to  perform  retroviral  functions  that  contribute  to  disease  \  Genome  sequencing  reveals  that  8%  of  the 
human  genome  consists  of  human  endogenous  retroviruses  (HERVs)  and  roughly  half  of  our  DNA  is  made  up 
of  transposable  elements  that  include  HERVs  The  integration  of  HERVs  into  the  host  cell  happens  within 
the  context  of  their  replication  cycle  HERV  type  K  of  the  HML2  subtype  is  the  most  recently  integrated  and 
most  intact  retrovirus  in  the  human  genome  These  most  recently  acquired  proviruses  of  the  HERV-K  family 
can  express  viral  proteins  and  produce  viral  particles  ’  .  In  previous  studies  we  reported  that  expression  of 
HERV-K  env  protein  in  malignant  BC  cells  was  substantially  higher  than  in  normal  or  nonmalignant  breast 
cells  suggesting  that  HERV-K  might  be  reactivated  and  implicated  in  carcinogenesis.  Monoclonal  and 
single-chain  antibodies  against  the  HERV-K  env  protein  recently  proved  capable  of  blocking  the  proliferation 
of  human  BC  cells  in  vitro  and  inhibiting  tumor  growth  in  mice  bearing  xenograft  tumors  In  addition,  we 
found  that  HERV-K  env  protein  is  capable  of  acting  as  a  Tumor  associate  antigen  (TAA),  activating  both  T-cell 
and  B-cell  responses  in  BC  patients 

2.  Keywords:  breast  cancer  (BC),  human  endogenous  retroviruses  (HERVs),  and  Tumor  associate  antigen 
(TAA) 


3.  Accomplishments:  Anti-HERV-K  env  protein  monoclonal  antibodies  (mAbs),  including  the  HERV-K 
specific  6H5  mAh,  were  used  to  evaluate  HERV-K  presence  in  breast  tumors  and  breast  cancer  (BC)  cells.  In 
addition,  the  antitumor  effects  of  6H5  or  shRNA  were  determined  in  vitro  and  in  vivo. 


3.1, Correlation  of  HERV-K  viral  protein  presence  with  hreast  tumorigenesis:  We  observed  1)  expression 
of  HERV-K  in  BC,  which  verifies  our  earlier  finding  of  HERV-K  expression  in  BC;  and  2)  inhibition  of  BC 
cell  proliferation  and  induction  of  apoptosis  in  BC  cells  exposed  to  6H5,  as  reported  previously  {JNCI, 
2012).  Furthermore,  short  hairpin  RNAs  (shRNAs)  targeting  HERV-K  env  mRNA  have  been  developed  in 
our  laboratory  and  used  1)  to  knock  down  HERV-K  expression;  and  2)  to  correlate  HERV-K  viral  RNA 
presence  with  breast  tumorigenesis.  These  studies  were  done  both  in  vitro  and  in  vivo. 


3,2,Downregulated  HERV-K  inhibited  BC  cell  proliferation:  Significantly  slower  growth  was  observed  in 
BC  cells  (MDA-MB-231  and  Hs578T)  transfected  with  a  shRNA  targeting  the  HERV-K  env  mRNA 
(shRNAenv)  compared  with  a  shRNA  targeting  a  scrambled  RNA  sequence  (shRNAc)  (Fig.  1).  The  shRNA 
constructs  expressed  green  fluorescent  protein  (GFP)  that  was  used  to  track  their  proliferation. 
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Fig.  1  Cell  proliferation  assays  demonstrated  significantly  slower  grow  rates  in  MDA-MB-231  and  Hs578T  BC  cell  lines  transfected 
with  shRNAenv  vs.  parent  cells  or  shRNAc.  MFI=mean  fluorescence  intensity  of  GFP. 


Three  BC  cell  lines  (Hs578T,  MDA-MB-231,  and  MCF-7)  were  transfected  with  shRNAenv  compared  with 
shRNAc  (Fig.  2).  Smaller  colony  sizes  and  fewer  numbers  of  colonies  were  detected  in  BC  cells  transfected 
with  shRNAenv  (bottom  panel)  compared  with  shRNAc  (top  panels). 
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Fig.  2  Cell  growth  rates  were  compared  in  BC 
cell  lines  transfected  with  shRNAenv  vs. 
shRNAc.  Smaller  numbers  of  colonies  and 
smaller  colony  sizes  were  demonstrated  in 
three  BC  cell  lines  transfected  with  shRNAenv 
compared  with  cells  transfected  with  shRNAc. 
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3,2  Reduced  BC  cell  transformation:  A  soft  agar  assay  was  employed  to  determine  whether  HERV-K 
possesses  a  transforming  eapaeity  of  BC  eells.  Signifieantly  redueed  numbers  of  eolonies  formed  in  soft 
agar  (Fig.  3)  when  HERV-K  env  was  knoeked  down  in  BC  eell  lines  (MCF-7:  p=0.001;  left  panel  and 
Hs578T:  p=0.006;  right  panel),  eompared  to  treatment  with  shRNAe. 


Fig.  3  Colony  formation  was  significantly  less  in  MCF-7  and  Hs578T  BC  cell  lines  transfected  with  shRNAenv  vs.  shRNAc. 


3.3  Reduced  tumor  sizes  in  vivo:  Signifieantly  redueed  tumor  sizes  and  weights  were  demonstrated  in  miee 
inoeulated  with  MDA-MB-231,  MDA-MB-435.ebl,  and  SKBR3  BC  eells  stably  transfeeted  with 
shRNAenv,  eompared  to  eells  stably  transfeeted  with  a  shRNAe  (Fig.  4). 
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Fig.  4  Significantly  reduced  tumor  sizes  and  weights  were  demonstrated  in  MDA-MB-23 1 ,  MDA-MB  435  ebl,  and  SKBR3  BC  cell 
lines  transfected  with  shRNAenv  vs.  shRNAc. 


To  date,  our  results  demonstrate  that  down-regulation  of  HERV-K  has  growth- inhibitory  activity  in  several 
human  breast  cancer  cell  lines  and  reduced  tumor  growth  in  animal  models.  However,  the  precise 
mechanisms  by  which  HERV-K  exerts  these  antitumor  effects  are  not  known.  To  obtain  insights  into  its 
mechanism  of  action,  we  examined  the  effects  of  HERV-K  shRNAenv  on  cell  proliferation,  cell  cycle 
distribution,  apoptosis,  and  on  the  levels  of  expression  of  several  cell  cycle  control  proteins.  Our  results 
provide  support  for  targeting  of  HERV-K  with  shRNAenv  or  other  agents  to  block  its  expression,  and 
suggest  that  HERV-K  targeting  prevents  BC  tumorigenesis. 

3,4  Downregulated  HERV-K  induces  S-phase  cell  cycle  arrest  in  several  human  BC  cell  lines:  We  were 
also  interested  in  examining  the  effects  of  HERV-K  knockdown  on  cell  cycle  progression  in  exponentially 
dividing  cultures  of  BC  cell  lines.  Cell  cycle  analysis  was  done  by  flow  cytometry  using  PI  staining;  DNA 
content  was  then  analyzed  using  a  FACScan  instrument  equipped  with  FACStation  running  Cell  Quest 
software.  S  phase  arrest  was  found  in  Hs578T  and  MCF-7cell  lines  transduced  with  shRNAenv,  compared 
to  these  cells  transduced  with  shRNAc  or  parent  cells  (Fig.  5).  Downregulated  HERV-K  caused  an  increase 
of  cells  in  the  S  phase  and  a  corresponding  decrease  of  cells  in  the  Gi  (MCF-7,  bottom  panel)  or  G2-M 
phases  (Hs578T,  top  panel). 
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Fig.  5  Cell  cycle  distribution  was  determined  in  BC  cell  lines  transduced  with  shRNAenv  vs.  shRNAc  using  FACS.  S  phase  arrest  was 
observed  in  MCF-7  and  Hs578T  BC  cell  lines  transfected  with  shRNAenv  compared  with  cells  transfected  with  shRNAc  or  parent  cells. 


3.5  RNA-Seq:  An  important  challenge  in  cancer  systems  biology  is  to  uncover  the  complex  network  of 

interactions  between  genes  (tumor  suppressor  genes  and  oncogenes)  implicated  in  cancer.  Next  generation 
sequencing  provides  unparalleled  ability  to  probe  the  expression  levels  of  the  entire  set  of  cancer  genes  and 
their  transcript  isoforms.  However,  there  are  onerous  statistical  and  computational  issues  in  interpreting 
high-dimensional  sequencing  data  and  inferring  the  underlying  genetic  network.  In  this  study,  we  analyzed 
RNA-Seq  data  from  several  BC  cell  lines  or  tumor  biopsies  derived  from  BC  cell  lines  and  implemented  a 
probabilistic  framework  to  construct  biologically-relevant  genetic  networks.  In  particular,  we  employed  a 
graphical  lasso  analysis,  motivated  by  considerations  of  the  maximum  entropy  formalism,  to  estimate  the 
sparse  inverse  covariance  matrix  of  RNA-Seq  data.  RNA-Seq  was  employed  to  determine  the  signaling 
pathway  in  BC  cells  transfected  with  shRNAenv  compared  with  cells  transfected  with  shRNAc  (Fig.  6  to 
Fig.  9).  One  example  of  RNA-Seq  results  obtained  using  MCF-7  cells  is  shown  in  Fig.  6. 


Fig.  6  Signaling  pathways  were  determined 
in  MCF-7  cells  transduced  with  shRNAenv 
vs.  shRNAc  using  RNA-Seq.  The  top  three 
pathways  are  p53  Signaling,  Molecular 
Mechanisms  of  Cancer  and  GAD45 
Signaling. 
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p53  Signaling  was  the  major  pathway  affected  by  HERV-K  knockdown  by  shRNAenv,  followed  by 
Molecular  Mechanisms  of  Cancer  and  GAD45  Signaling.  Furthermore,  signaling  via  the  Mevalonate 
Pathway  was  strongly  affected  in  MDA-MB-435.ebI  transfected  with  shRNAenv  vs.  shRNAc  (Fig.  7). 
Deregulated  genes  in  the  Mevalonate  Pathway  (major  pathway  in  Network  6;  top  left  panel)  and  the  log 
ratios  (top  middle  panel)  are  listed.  Many  genes  involved  in  the  mevalonate  pathway  whose  levels  were 
downregulated  are  labeled  in  red  for  MDA-MB-435.ebI  cells  transduced  with  shRNAenv  compared  with 
shRNAc  (top  right  panel).  qRT-PCR  was  further  used  to  confirm  the  deregulated  genes  of  the  mevalonate 
pathway  in  MDA-MB-435.ebI  cells  transduced  with  shRNAenv  vs.  shRNAc  (bottom  right  panel).  These 
results  suggest  that  HERV-K  may  play  a  major  and  previously  unknown  role  in  cholesterol  metabolism. 
Metabolic  pathways,  in  turn,  are  becoming  increasingly  recognized  as  playing  key  roles  in  BC  development 
and  progression,  and  our  results  suggest  for  the  first  time  that  HERV-K  expression  may  have  an  impact  on 
metabolic  pathways  important  in  BC. 


Ae*ty1-CoA 


Gene  symbol  - 
human  (Hugo/ 
HGNC,  Entrez 
Gene) 

ACAT2 

HMGCSl 

HMGCR 

MVK 

PMVK 

MVD 

IDIl 

FOPS 

FDFTl 

SOLE 

LSS 

CYP51A1 

TM7SF2 

SC4MCL 

DHCR7 

CHCR24 


Log  Ratio 
0.635 
0.483 
0.390 


0.547 

0.322 


0.248 

0.231 


Networks 


I  HNK^CoASy^tme  (HMGCSl)  T 
I  HMG-CoA  R^ucma  IHKtGCR)  l|  |  SWUi  ^ 


M«valonlc  Acid 
I 

M«valonal*^KnM«  (MVK) 
PhoaphomMl^M  Kmm  (PMVK) 


M«v1oft»l»-PP  &»cjrt>o»><a*»  ().<VO|  I  j  6-FK>ofom«v>onf  | 


I  Ijopertenyi  PP  (tomtowa  IIDI1)  | 
FamMy(.PP  SynihMS  (FDPS) 
Farn«sy1-PP 

i  ]-E 


“T 

$quai«ne 


Co«nzym«  Q,, 
s^«ranylgerany)-PP 


NT^ 

,  *FamMylMQn  G«rany(garanytaMn 


_ ♦  _ 

I  LanoWW  I4g  O-n-cihyi.i^o  (CYP51A1>  | 

SIml  C14  RwtuctaM  (TM7SF2) 

i 

ChoiMtaral  C4-MMhy(  OudaM  )$C4M0l) 
NAO(P)H  SMnM  DaHydtoganeM  (NSOHL) 

[  7.Pc«irtl.rgghpJf.Mn^Ol  Wy)L«,MV>  iPUCf^ 

DavnoMproi  RMuciaM  (DHCR24} 

I 

Cholasterol 


De-regulated  of  Mevalonate  Pathway 


•  2«e»}0t}  tK  <4  i-aw  rtMftM 

Fig.  7  Top-scoring  gene  network  influenced  by  downregulated 
HERV-K.  De-regulated  genes  in  the  mevalonate  pathway  were 
determined  in  MDA-MB-435.ebl  cells  transduced  with 
shRNAenv  vs.  shRNAc  using  RNA-Seq.  Top  Left  Panel) 
Network  6  is  illustrated  here.  Shading  is  in  proportion  to  the  size 
of  the  fold  change.  Gray  nodes  denote  network  members  that  did 
not  reach  false  discovery  rate  (FDR)  <  10%.  Top  Middle  Panel) 
De-regulated  genes  in  the  mevalonate  pathway  (major  pathway 
in  Network  6)  and  log  ratio  are  listed  here.  Top  Right  Panel) 
Many  genes  involved  in  the  mevalonate  pathway  are  labeled 
with  red.  Bottom  Right  Panel)  qRT-PCR  further  confirmed  the 
deregulated  of  the  mevalonate  pathway  in  MDA-MB-435.ebl 
cells  transfected  with  shRNAenv  vs.  shRNAc. 


1.5n 


qRT-PCR 


o 

c 


2 
o 

®;  0.5- 

_2 

0) 


0.0 


ShRNAc 

shRNAenv 


°1.0-IA  A  A  A  A  A  J. 
1 


Furthermore,  tumor  biopsies  obtained  from  mice  xenografted  with  two  BC  cell  lines  (Fig.  8:  MDA-MB- 
435.ebl,  left  panel;  and  SKBR3,  right  panel)  that  were  transduced  with  shRNAenv  compared  with  shRNAc 
share  the  same  network  centered  around  ERKl/2. 
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Fig.  8  Top-scoring  gene  network  influenced  by  downregulated  HERV-K.  Networks  were  compared  in  tumor  biopsies  obtained  from  MDA- 
MB-435.ebl  (left  panel)  or  SKBR3  (right  panel)  BC  cells  transfected  with  shRNAenv  vs.  shRNAc  using  RNA  Seq.  Many  gene  changes  were 
centered  around  ERKl/2.  Nodes  represent  genes/molecules.  Shading  is  in  proportion  to  the  size  of  the  fold  change  (red,  upregulation;  green, 
downregulation).  Gray  nodes  denote  network  members  that  did  not  reach  false  discovery  rate  (FDR)  <  10%. 


Also,  the  MYC  oncogene,  which  is  frequently  activated  in  human  cancers,  is  downregulated  in  tumor  biopsies 
(left  panel)  or  cell  lysates  (right  panel)  obtained  from  SKBR3  BC  cells  transduced  with  shRNAenv,  compared 
to  cells  transduced  with  shRNAc  (Fig.  9).  Downregulated  MYC  gene  was  also  observed  in  other  BC  cell  lines 
transduced  with  shRNAenv  compared  with  shRNAc  (data  not  shown).  These  data  indicate  that  HERV-K  viral 
RNAs  are  involved  in  BC  tumorigenesis  via  effects  on  not  only  p53  signaling  pathways,  but  also  ERK  and 
MYC  pathways.  All  of  these  pathways  play  critically  important  roles  in  tumorigenesis. 
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Fig.  9  Top-scoring  gene  networks  influenced  by  downregulated  HERV-K.  Networks  were  compared  in  tumor  biopsies  (left  panel)  or  cell 
lysates  (right  panel)  obtained  from  SKBR3  BC  cells  transduced  with  shRNAenv  vs.  shRNAc,  using  RNA-Seq.  Deregulated  MYC  gene  was 
the  central  pathway  affected  in  both  cells  and  tumor  biopsies.  Nodes  represent  genes/molecules.  Shading  is  in  proportion  to  the  size  of  the  fold 
change  (red,  upregulation;  green,  downregulation).  Gray  nodes  denote  network  members  that  did  not  reach  false  discovery  rate  (FDR)  <  10%. 


3,6  Protein  phosphorylation  arrays: 

One  of  the  most  important  roles  of  phosphate  in  biological  systems  is  that  of  a  molecular  switch,  turning 
enzyme  activity  on  and  off  through  the  mediation  of  the  various  protein  kinases  and  phosphatases  in  biological 
systems.  Gene  ontology,  pathway  enrichment  and  protein-protein  path  length  analysis  were  all  carried  out  to 
validate  the  biological  context  of  the  predicted  network  of  interacting  cancer  genes  described  above.  Since  the 
RNA-Seq  results  suggested  that  signaling  pathways  involving  phosphorylation  might  play  prominent  roles  in 
response  to  HERV-K  knockdown,  phosphate  binding  protein  arrays  were  employed  to  evaluate  changes  in  BC 
cells  transduced  with  shRNAenv  compared  with  shRNAc  (Fig.  10). 
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Fig.  10  Phosphate  binding  protein  arrays  were  analyzed  in  MCF-7  BC  cells  transduced  with  shRNAenv  vs.  shRNAc.  Phosphoprotein 
levels  were  compared  in  MCF-7  BC  cell  lines  transduced  with  shRNAenv  compared  with  shRNAc.  P38a,  MSKl/2,  and  Fgr  were  the  3 
major  upregulated  proteins  and  eNOS,  RSKl/2/3,  and  HSP60  were  the  3  major  downregulated  proteins  after  HERV-K  knockdown. 


Expression  of  a  variety  of  phosphorylated  proteins  important  in  cancer  signaling  transduction  pathways 
were  affected  by  HERV-K  knockdown  with  shRNAenv.  For  example,  P38a,  MSKl/2,  and  Fgr  were  the 
most  strongly  upregulated  proteins,  and  eNOS,  RSKl/2/3,  and  HSP60  were  the  most  strongly 
downregulated  proteins.  A  potential  pathway  of  HERV-K  correlated  to  BC  tumorigenesis  is  shown  in  Fig. 
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Fig.  11  Signaling  pathways  regulated 
in  BC  cell  lines  by  HERV-K,  based  on 
our  RNA-seq  and  phosphoprotein  array 
data,  as  a  result  of  transduction  with 
shRNAenv  vs.  shRNAc. 


In  summary,  our  data  demonstrate  that  HERV-K  plays  a  very  essential  role  in  BC  tumorigenesis.  In  the  previous 
annual  report,  we  explored  our  discovery  of  an  effect  of  HERV-K  on  the  p53  pathway  in  BC  cell  lines  treated 
with  anti-HERV-K  monoclonal  antibodies.  Here  we  verified  the  p53  results  by  knockdown  of  HERV-K  env 
with  shRNA,  and  additionally  discovered  that  the  major  ERK  and  MYC  signaling  pathways,  which  are 
important  in  BC,  are  affected  by  HERV-K  knockdown.  Downregulation  of  H-Ras,  MDM2  and  c-Myc  mRNAs 
was  also  demonstrated  in  studies  in  our  previous  annual  report.  c-Myc  induces  the  tumor  suppressor  ARE, 
which  inhibits  MDM2  and  leads  to  stabilization  of  the  p53  protein 

In  last  year’s  report,  qRT-PCR  revealed  changes  in  expression  of  p53,  MDM2  and  c-myc  in  cancer  cell  lines 
stably  transfected  with  shRNA  targeting  the  HERV-K  env  gene,  showing  that  HERV-K  is  affecting  signaling 
via  the  pl4ARF/MDM2/p53  axis.  Changes  in  the  expression  of  these  key  regulatory  proteins  at  the  protein  level 


was  also  determined  by  flow  eytometry  using  various  antibodies  and  protein  assay  as  diseussed  above  (Fig.  10). 
A  more  eomprehensive  deseription  of  the  correlations  we  found  between  HERV-K  and  the  above  gene  changes 
was  summarized  in  Fig.  11. 

4,  Impact: 

Sequences  of  endogenous  retroviruses  are  commonly  found  in  the  human  genome.  Among  them,  the  HERV-K 
family  of  endogenous  retroviral  genes,  which  is  usually  silenced,  commonly  becomes  induced  in  cancer  cells. 
Our  research  focus  is  cancer  genomics,  predictive  biomarkers,  therapeutic  antibodies  and  cancer  vaccines 
targeting  HERV-K.  Several  recent  publications  provide  evidence  that  endogenous  retroviral-derived  sequences 
become  activated  in  cancer  cells  and  contribute  unique  regulatory  elements  that  have  reshaped  the  human 
transcriptional  landscape.  This  is  an  innovative  concept  because  a  viral  etiology  of  BC  has  not  yet  been 
established,  and  we  propose  in  this  study  to  establish  that  HERV-K  has  an  essential  role  in  BC  tumorigenesis. 
We  are  addressing  the  proposition  that  HERV-K  is  expressed  in  breast  cells  and  contributes  to  human  BC 
tumorigenesis.  This  is  the  first  time  that  a  naturally-occurring  virus  has  been  identified  and  characterized  in 
BC,  and  our  data  is  convincing  that  these  retroviruses  contribute  to  the  pathology  of  BC.  Our  data  will  shift 
both  current  research  and  current  clinical  practice  paradigms  because  the  HERV-K  viral  proteins  will  be 
evaluated  as  a  novel  BC  target  for  the  first  time.  In  addition  to  establishing  a  viral  etiology  of  BC,  our  proposed 
study  would  also  have  an  impact  on  BC  by  opening  up  avenues  of  novel  treatment  of  BC  patients,  such  as  the 
immunotherapy  regimen  we  describe  below. 

We  recently  submitted  a  manuscript  entitled  “Reduced  Tumorigenesis  and  Metastasis  of  Breast  Cancer  by 
HERV-K  Specific  Chimeric  Antigen  Receptor  T  cells,”  to  be  considered  for  publication  in  Science 
Translational  Medicine  (August,  2014).  The  main  point  of  the  paper  is  to  use  an  adoptive  cell  transfer  approach 
to  demonstrate  antitumor  and  anti-metastatic  effects  of  a  chimeric  antigen  receptor  (CAR)  that  allows  T  cells  to 
recognize  HERV-K  antigen  on  tumor  cells. 

Although  treatment  of  patients  with  gene-engineered  T  cells  equipped  with  either  CARs  or  T  cell  receptors 
(TCRs)  has  shown  therapeutic  successes  in  the  treatment  of  some  tumors,  antitumor  responses,  especially  in 
solid  tumors,  have  not  been  forthcoming  in  a  substantial  number  of  patients.  The  main  challenges  for 
improving  response  are;  1 .  To  identify  tumor-specific  antigens  that  are  highly  expressed  in  tumor  tissues  (on 
target),  but  not  in  normal  tissues  (off-tumor),  even  at  low  levels.  2.  To  endow  engineered  T  cells  with  high- 
affinity  receptors  that  are  significantly  toxic  when  tumor  antigens  are  targeted.  Here,  we  provide  evidence  that 
on-target  toxicity  is  HERV-K  directed  and  that  no  off-tumor  effects  were  observed  in  animal  models. 

Our  manuscript  addresses  therapy  of  breast  cancer  by  identifying  and  characterizing  a  chimeric  antigen  receptor 
(K-CAR)  that  targets  HERV-K  on  breast  cancer  cells.  We  first  confirmed  that  the  HERV-K  envelope  protein  is 
overexpressed  on  the  breast  cancer  cell  lines  targeted  by  K-CAR  T  cells.  Artificial  antigen-presenting  cells 
expressing  HERV-K  env  gene  were  used  to  propagate  CD3^  T  cells  expressing  K-CAR  (K-CAR  T  cells)  from 
breast  cancer  patients  and  controls. 

Several  novel  findings  have  emerged  from  the  studies  reported  in  this  paper: 

•  K-CAR  T  cells  showed  efficacy  against  a  solid  tumor.  CARs  have  shown  their  greatest  effectiveness 
against  hematological  malignancies,  but  to  date  there  has  been  only  limited  success  in  targeting  solid 
tumors  with  CARs. 

•  K-CAR  T  cells  were  able  to  lyse  artificial  antigen-presenting  cells  and  HERV-K^  cancer  cells. 

•  In  comparison  to  normal  controls,  K-CAR  T  cells  from  BC  patients  had  higher  percentages  of  regulatory 
T  cells,  lower  percentages  of  CD8^  T  cells,  and  lower  proliferation  rates.  CD4^  T  cell  depletion 
enhanced  the  percentage  of  CD8^  T  cells  in  BC  patients,  which  provided  more  effective  antitumor 
effects. 

•  K-CAR  T  cells  generated  from  BC  patients  blocked  growth  of  cultured  BC  cell  lines  and  induced  their 
lysis  and  release  of  cytokines  that  included  IFN-y,  IL-2,  TNF-a,  and  Grazyme  B.  Effects  on  lysis  of  BC 


cells  were  reversed  when  HERV-K  was  knoeked  down  with  an  shRNA,  which  indicated  that 
eytotoxieity  toward  tumors  was  oeeurring  in  an  antigen-dependent  manner. 

•  Tumor  biopsies  of  miee  treated  with  K-CAR  T  eells  showed  changes  in  gene  expression  that  were 
eonsistent  with  effeets  we  have  observed  after  therapeutie  antibody  treatment,  further  supporting  the 
mechanism  of  anti-HERV  therapy. 

•  HERV-K  expression  was  downregulated  in  BC  eells  after  K-CAR  T  eell  treatment  of  female 
NOD/SCID  miee  bearing  human  tumor  xenografts,  espeeially  after  CD4  depletion.  Importantly, 
treatment  with  K-CAR  T  eells  not  only  bloeked  tumor  growth  in  this  animal  model,  but  also 
signifioantly  redueed  dissemination  from  the  primary  site  to  form  new  lesions  in  other  organs. 

•  These  results  indieate  that  K-CAR  treatment  may  be  eapable  of  bloeking  both  growth  and  metastasis  of 
BC. 

Our  pre-clinieal  studies  reported  here  eould  pave  the  way  for  immunotherapy  regimens  for  elinieal  trials  in  BC 
patients.  We  feel  that  these  observations  will  generate  great  interest  in  the  BC  immunotherapy  field,  beeause 
there  are  so  few  CAR  therapies  that  are  effective  against  solid  tumors  sueh  as  BC.  We  also  believe  that  this 
paper  will  inerease  awareness  of  the  potentially  very  important  role  of  endogenous  viruses  in  human  BC. 

5.  Changes/Problems:  Since  we  are  in  the  proeess  of  moving  our  lab  from  MD  Anderson  Caneer  Center  to  SRI 
International  during  the  eurrent  annual  reporting  period,  many  faetors  have  eaused  our  researeh  to  be  delayed. 
The  DoD  grant  finally  was  transferred  to  SRI  on  May  I,  2014.  However,  we  have  had  to  wait  for  DoD  approval 
for  using  human  subjeets;  this  approval  was  granted  on  Sept.  12,  2014.  Therefore,  in  this  reporting  period,  no 
patient  samples  have  been  eolleeted  for  our  study.  When  these  patient  samples  become  available,  we  will  make 
a  strong  effort  to  eomplete  the  analyses  of  these  samples,  as  proposed  in  the  grant.  In  addition,  many  materials, 
ineluding  crueial  antibodies  and  other  materials  essential  for  eompleting  our  studies,  have  been  held  at  MD 
Anderson  beeause  MTAs  have  not  been  executed  to  date.  The  only  thing  MD  Anderson  has  released  is  “HERV- 
K  shRNAenv  and  shRNAe,”  and  the  availability  of  these  key  reagents  is  the  reason  we  have  so  many  new 
results  for  this  annual  report.  We  used  all  reagents  available  to  finish  or  eontinue  our  ongoing  projeets,  and  are 
hopeful  that  MTAs  at  MD  Anderson  will  be  finalized  as  soon  as  possible.  Another  aehievement  during  this 
reporting  period  is  that  we  eompleted  our  HERV-K  chimerie  antigen  reeeptor  (CAR)  study  in  BC  patients  (see 
below  for  the  summary  of  this  study,  and  the  attachment  eontaining  the  manuseript).  Ours  is  among  the  first 
reports  of  a  CAR  to  treat  solid  tumors,  and  we  were  sueeessful  in  redueing  tumor  burden  and  preventing 
metastasis  of  BC  to  the  lung,  liver,  and  other  organs. 

6,  Products:  The  produets  we  generated  during  this  reporting  period  are  underlined  and  highlighted  in  boldfaee 
type  below.  We  have  previously  reported  the  antitumor  effeets  of  anti-human  endogenous  retrovirus-K 
(HERV-K)  monoelonal  antibodies,  as  well  as  vaccines  for  BC  based  on  HERV-K  envelope  (env)  protein  as  a 
tumor-associated  antigen.  Here,  a  chimeric  antigen  receptor  (CAR)  specific  for  HERV-K  env  protein  (K- 
CAR)  was  generated  using  the  Sleeping  Beauty  system.  K-CARs  from  peripheral  blood  mononuelear  eells  of  9 
BC  patients  and  12  normal  female  donors  were  able  to  inhibit  growth  of,  and  to  exhibit  signifieant  eytotoxieity 
toward,  BC  eells  but  not  MCE-lOA  normal  breast  eells.  The  antitumor  effeets  were  signifieantly  redueed  when 
the  expression  of  HERV-K  in  BC  eells  was  knoeked  down  by  shRNAs  targeting  HERV-K.  Seeretion  of 
multiple  eytokines,  including  IFN-y,  TNF-a,  and  IL-2,  was  significantly  enhanced  in  culture  media  of  BC  eells 
treated  with  K-CARs.  Signifieantly  redueed  tumor  growth  and  tumor  weight  was  observed  in  xenograft  models 
bearing  MDA-MB-231  or  MDA-MB-435.eBl  eells.  Importantly,  the  K-CAR  prevented  tumor  metastasis  to 
other  organs.  Moreover,  downregulation  of  HERV-K  expression  in  tumors  of  miee  treated  with  K-CAR 
eorrelated  with  upregulation  of  TP53  and  downregulation  of  MDM2  and  p-ERK.  Our  results  indieate  that  CARs 
direeted  toward  HERV-K  may  play  an  important  role  in  immunotherapy  of  BC,  and  that  K-CAR  shows 
potential  for  use  in  elinieal  trials  involving  BC  patients. 
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Abstract: 


We  have  previously  reported  the  antitumor  effects  of  anti-human  endogenous  retrovirus-K 
(HERV-K)  monoclonal  antibodies,  as  well  as  vaccines  for  breast  cancer  (BC)  based  on  HERV-K 
envelope  (env)  protein  as  a  tumor-associated  antigen.  Here,  a  chimeric  antigen  receptor  (CAR) 
specific  for  HERV-K  env  protein  (K-CAR)  was  generated  using  the  Sleeping  Beauty  system.  K- 
CARs  from  peripheral  blood  mononuclear  cells  of  9  BC  patients  and  12  normal  female  donors 
were  able  to  inhibit  growth  of,  and  to  exhibit  significant  cytotoxicity  toward,  BC  cells  but  not 
MCE-lOA  normal  breast  cells.  The  antitumor  effects  were  significantly  reduced  when  the 
expression  of  HERV-K  in  BC  cells  was  knocked  down  by  an  shRNA.  Secretion  of  multiple 
cytokines,  including  lEN-y,  TNF-a,  and  IE-2,  was  significantly  enhanced  in  culture  media  of  BC 
cells  treated  with  K-CARs.  Significantly  reduced  tumor  growth  and  tumor  weight  was  observed 
in  xenograft  models  bearing  MDA-MB-23 1  or  MDA-MB-435.eBl  cells.  Importantly,  the  K- 
CAR  prevented  tumor  metastasis  to  other  organs.  Moreover,  downregulation  of  HERV-K 
expression  in  tumors  of  mice  treated  with  K-CAR  correlated  with  upregulation  of  TP53  and 
downregulation  of  MDM2  and  p-ERK.  Our  results  indicate  that  CARs  directed  toward  HERV-K 
may  play  an  important  role  in  immunotherapy  of  BC,  and  that  K-CAR  shows  potential  for  use  in 
clinical  trials  involving  BC  patients. 
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Main  Text: 


INTRODUCTION 

Clinical  trials  for  a  variety  of  malignant  diseases  have  shown  that  T-eell  therapy  may  be  effective 
and  even  curative  for  some  patients  (1).  Many  tumor-assoeiated  antigens  (TAAs)  have  been 
identified,  and  their  ability  to  induce  antitumor  T-eell  immunity  has  been  doeumented  in  elinieal 
studies  (2).  A  promising  approaeh  in  eaneer  treatment  is  adoptive  immunotherapy  using  ehimerie 
antigen  reeeptor  (CAR)-engineered  T  eells  to  redirect  specificity  toward  a  particular  TAA  (5-5) 
in  a  manner  independent  of  the  major  histoeompatibility  eomplex.  The  effieacy  and  safety  of 
adoptive  CAR-engineered  T  eells  have  been  evaluated  in  multiple  elinieal  studies.  Early-phase 
elinieal  trials  reported  that  adoptively  transferred  CAR^  T  eells  have  effieaey  in  treating 
hematological  malignancies  and  some  solid  tumors.  The  most  eneouraging  results  have  been 
aehieved  in  patients  with  ehronie  lymphoeytie  leukemia  and  lymphoma  who  were  treated  with 
CD  19  CAR'^T  eells  (6-8).  CAR-based  therapy  of  solid  tumors  has  also  been  attempted,  ineluding 
the  use  of  CARs  targeting  HER2  for  coloreetal  eaneer  (P),  folate  reeeptor-a  for  ovarian  eaneer 
(10),  eareinoembryonic  antigen  for  eoloreetal  eaneer  and  breast  eaneer  (BC)  (11),  prostate- 
specific  membrane  antigen  for  prostate  eaneer  (12),  and  carbonie  anhydrase  IX  for  metastatic 
renal  eell  eareinoma  (13).  A  primary  ehallenge  using  CARs  in  solid  tumors  will  thus  be  to  target 
TAAs  with  CARs  that  are  able  to  penetrate  the  tumor  mieroenvironment  and  provoke  on-target 
eytotoxieity  toward  tumor  eells. 

Our  genome  harbors  many  endogenous  retroviral  sequenees  and  some  of  them  may  eontinue 
to  perform  retroviral  funetions  that  eontribute  to  disease  (14).  Genome  sequeneing  reveals  that 
8%  of  the  human  genome  eonsists  of  human  endogenous  retroviruses  (HERVs)  and  roughly  half 
of  our  DNA  is  made  up  of  transposable  elements  that  include  HERVs  (15-17).  The  integration  of 
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HERVs  into  the  host  cell  happens  within  the  context  of  their  replication  cycle  (18).  HERV  type 
K  of  the  HME2  subtype  is  the  most  recently  integrated  and  most  intact  retrovirus  in  the  human 
genome  (19).  These  most  recently  acquired  proviruses  of  the  HERV-K  family  can  express  viral 
proteins  and  produce  viral  particles  (20,  21).  In  previous  studies  we  reported  that  expression  of 
HERV-K  env  protein  in  malignant  BC  cells  was  substantially  higher  than  in  normal  or 
nonmalignant  breast  cells  (22-24),  suggesting  that  HERV-K  might  be  reactivated  and  implicated 
in  carcinogenesis.  Monoclonal  and  single-chain  antibodies  against  the  HERV-K  env  protein 
recently  proved  capable  of  blocking  the  proliferation  of  human  BC  cells  in  vitro  and  inhibiting 
tumor  growth  in  mice  bearing  xenograft  tumors  (25).  In  addition,  we  found  that  HERV-K  env 
protein  is  capable  of  acting  as  a  TAA,  activating  both  T-cell  and  B-cell  responses  in  BC  patients 
(26). 

Here  we  genetically  modified  T  cells  using  the  Sleeping  Beauty  (SB)  system  to  stably 
introduce  a  single-chain  variable  fragment  (scEv:  G1 IDIO)  (25)  generated  from  an  anti-HERV- 
K  monoclonal  antibody  (mAh;  6H5)  (26)  to  produce  an  HERV-K  specific  CAR  (K-CAR). 
Antitumor  effects  of  K-CAR  were  demonstrated  in  vitro  and  in  vivo. 

RESULTS 

Expression  of  HERV-K  env  protein  in  breast  cancer  cells 

The  expression  of  HERV-K  env  protein  on  the  BC  cell  membrane  and  cytoplasm  was  observed 
in  MDA-MB-231,  MDA-MB-435.eBl,  and  MCE-7  BC  cells  to  a  greater  extent  than  in  MCE- 
lOA  or  MCE- 1  OAT  non-malignant  breast  cells  by  flow  cytometry  (fluorescence-activated  cell 
sorting,  or  EACS;  Eig.  SIA),  immunofluorescence  (Eig.  SIB),  immunohistochemistry  (IHC;  Eig. 
SIC),  and  immunoblot  (Eig.  SID)  using  anti-HERV-K  mAh  6H5  (26) ,  confirming  our  findings 
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from  previous  studies  (22-27).  Expression  of  HERV-K  env  protein  was  inereased  in  MDA-MB- 
231  (~6-fold),  MDA-MB-435.eBl  (~5-fold),  MCE-7  (~4-fold),  and  SKBR3  (~4-fold;  data  not 
shown)  BC  eells,  eompared  to  the  level  of  expression  in  MCE-lOA  (1-fold)  or  MCE-IOAT  (~1.5- 
fold)  nonmalignant  breast  eell  lines,  as  assessed  by  immunoblot,  using  the  Image!  program  to 
estimate  band  intensity,  with  normalization  to  P-aetin.  Based  on  their  degree  of  overexpression, 
MDA-MB-23 1  and  MDA-MB-435.eBl  BC  eells  were  used  as  targets  for  adoptive  T  therapy  in 
subsequent  studies. 

HERV-K  specific  CAR  construction  and  propagation 

6H5  mAh  and  its  seEv  were  previously  shown  to  exhibit  speeifieity  and  sensitivity  in  deteeting 
and  binding  HERV-K  env  protein  on  BC  eell  lines  (25),  and  these  antibodies  were  used  for 
generation  of  K-CAR.  In  this  eonstruet  (Eig.  S2A),  the  6H5  seEv  is  fused  to  the  lgG4Ee  region 
by  a  flexible  linker,  followed  by  the  CD28  transmembrane  and  CD28  and  CD3^  intraeellular 
domains,  as  deseribed  previously  (28).  K562  eells  expressing  HERV-K  env  gene  in  a  lentiviral 
veetor  (Eig.  S2B)  were  used  as  artifieial  antigen-presenting  eells  (aAPCs)  to  propagate  CD3^  T 
eells  expressing  K-CAR.  The  expression  of  HERV-K  env  in  K562  eells  was  demonstrated  by 
RT-PCR  (Pig.  S2C,  left  panel),  immunoblot  (Pig.  S2C,  right  panel),  and  PACS  using  6H5  mAh 
(Fig.  S2D). 

In  vitro  expansion  of  K-CAR  T  cells  originating  from  BC  patients  and  normal  female 
donors 

Peripheral  blood  mononuelear  eells  (PBMCs)  from  9  BC  patients  (Table  1)  and  12  normal 
female  donors  (NDs)  were  eleetroporated  with  HERV-KCD28MZ  SB  transposon  (pSBSO)  along 
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with  pCMV-SBl  1  transposase  and  cultured  with  IL-2  to  expand  CDS’^T  eells  expressing  K- 
CAR.  seFv  expression  in  K-CAR  T  eells  from  various  donors  (BC:  n=9  andND:  n=12)  was 
further  confirmed  by  RT-PCR  using  primers  speeifie  to  the  6H5  seFv  (Fig.  lA),  and  growth  of  T 
eells  was  monitored  over  time  by  mieroseopy  (Fig.  S3  A,  top  panel).  The  pereentage  of  K-CAR  T 
eells  generated  from  PBMCs  was  determined  post-eleetroporation  by  FACS  using  anti-CD3  and 
anti-Fe  antibodies.  Sample  FACS  results  from  a  BC  patient  (#157,  diagnosed  with  duetal 
careinoma  in  situ,  or  DCIS;  see  Table  1  for  detail)  and  a  normal  donor  (NDl)  are  shown  in  Fig. 
IB.  K-CAR  T  eells  from  patient  #157  had  a  signifieantly  lower  proliferation  rate  than  eells  from 
NDl  (Fig.  S3  A,  bottom  panel).  Nearly  all  eells  from  BC  patients  as  well  as  NDs  expressed  the 
K-CAR  seFv  on  day  28  post-eleetroporation,  as  measured  by  expression  of  the  Fe  baekbone  (Fig. 
S3B).  Specific  lysis  of  K562-HERV-K  cells  by  K-CAR  T  eells  obtained  from  two  normal  donors 
was  observed,  as  determined  by  a  eytotoxie  T  lymphoeyte  (CTL)  assay  (Fig.  S3C).  Sinee  the 
proliferation  of  CAR  T  eells  was  deereased  relative  to  normal  donors,  pereentages  of  CD4^  and 
CD8^  T  cells  as  well  as  T  regulatory  eells  (Tregs:  FOXP3  and  CD25  positive)  were  determined 
in  K-CAR  T  eells  obtained  from  BC  patients  or  normal  female  donors,  sinee  Tregs  are  a 
eomponent  of  the  immune  system  that  suppresses  immune  responses  of  other  eells.  A  sample 
from  a  BC  patient  (#243,  diagnosed  with  DCIS)  revealed  a  higher  pereentage  of  FOXP3  in  CD4^ 
T  cells  than  in  CD8'^  T  eells  (Fig.  1C,  left  panel),  and  inereased  percentages  of  CD8^  T  eells  were 
observed  after  CD4^  depletion  (Fig.  1C,  right  panel).  Higher  pereentages  of  both  FOXP3^  and 
CD25^  T  eells  were  demonstrated  in  K-CAR  obtained  from  a  BC  patient  than  from  NDl  eontrol 
(Fig.  S3D).  Higher  pereentages  of  CD4^  than  CD8^  T  eells  were  observed  in  BC  patients  (n=7) 
compared  with  NDs  (n=12),  but  the  differences  were  not  signifieant  (Fig.  ID,  top  panel).  CD4^ 
eell  T  depletion  resulted  in  signifieantly  enhaneed  pereentages  of  CD8^  and  signifieantly 
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decreased  percentages  of  CDd"^  T  cells  in  K-CAR  T  cells  from  BC  patients  (Fig.  ID,  bottom 
panel). 

Antitumor  effects  of  K-CAR  in  vitro 

Antitumor  effects  were  evaluated  in  MDA-MB-23 1  and  MDA-MB-435.eBl  BC  cells  treated  in 
vitro  with  K-CAR^  T  cells  or  control  T  cells  generated,  respectively,  from  BC  patients  #157  or 
#108  (diagnosed  with  metastatic  invasive  ductal  carcinoma),  with  a  ratio  of  K-CAR  T  cells  to 
tumor  cells  of  10:1.  Significantly  reduced  growth  was  observed  in  MDA-MB-23 1  cells  treated 
with  K-CAR  T  cells  from  patient  #157,  and  in  MDA-MB-435.eBl  treated  with  K-CAR  T  cells 
from  patient  #108  (Fig.  2A). 

CTL  assays  were  further  employed  to  analyze  the  cytotoxicity  of  K-CAR  T  cells.  Specific 
lysis  was  significantly  greater  in  BC  cell  lines  treated  with  K-CAR  T  cells  when  compared  to 
treatment  with  control  (wild-type)  T  cells  generated  from  patient  #108  (Fig.  2B).  Enhanced 
specific  lysis  was  observed  in  BC  cell  lines  treated  with  K-CAR  T  cells  with  depletion  of  CD4^ 

T  cells  when  compared  to  treatment  without  depletion  from  cells  derived  from  a  triple  negative 
IDC  patient  #233.  To  further  test  the  specificity  for  HERV-K,  the  HERV-K  env  RNA  was 
knocked  down  in  both  cell  lines  using  an  shRNA  targeted  to  HERV-K  env  (shRNAenv)  using  a 
pGreenPuro  vector  (System  Biosciences;  Eig.  S4A).  An  immunoblot  analysis  showed  about  70  to 
80%  knockdown  in  HERV-K  protein  levels  of  shRNAenv  treated  cells  compared  to  cells  stably 
transduced  with  scrambled  shRNAc  (Eig.  2C).  The  specific  lysis  of  MDA-MB-23 1  and  MDA- 
MB-435.eBl  BC  cells  by  K-CAR  T  cells  from  BC  patients  #108  and  #257  was  significantly 
reduced  after  knockdown  of  HERV-K  env  RNA  (Eig.  2D,  top  panel).  Reduced  cytotoxicity  of  K- 
CAR  toward  BC  cell  lines  was  also  observed  after  shRNA  knockdown  in  K-CARs  generated 
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from  normal  female  donors  ND8  and  NDIO  (Fig.  2D,  bottom  panel).  These  results  suggest  that 
the  potency  of  K-CART  cells  in  eliminating  tumors  in  vitro  depends  on  antigen  being 
specifically  expressed  on  the  surface  of  BC  cells. 

The  specific  killing  capability  of  K-CAR  was  further  tested  on  various  breast  cell  lines  using 
the  co-stained  Live/Dead  Viability  Assay,  using  5:1  or  20:1  ratios  of  K-CAR  T  cells  to  target 
cells  that  included  BC  cell  lines  MDA-MB-23 1 ,  MDA-MB-435eBl,  and  MCF-7  as  well  as 
MCF-lOA  breast  cells  (Fig.  3 A,  quantitated  in  Fig.  3B).  Dead  cells  stained  with  CYTOX  appear 
as  a  red  color,  while  live  cells  stain  green  (Fig.  3  A).  Larger  ratios  of  K-CAR  T  cells  to  target 
cells  resulted  in  significantly  higher  deaths  of  target  cells,  with  the  exception  of  non-malignant 
MCF-lOA  cells  (Fig.  S4B).  A  significantly  larger  percentage  of  dead  cells  was  observed  for  BC 
cell  lines  than  for  MCF-lOA  cells.  The  specific  killing  of  BC  cells  by  patient-generated  K-CAR 
T  cells  was  further  compared  by  FACS  using  the  cell-impermeant  viability  indicator  ETHDl. 
Significantly  increased  killing  of  BC  cells  was  observed  for  K-CAR  from  a  BC  patient  (#257, 
diagnosis  of  invasive  lobular  carcinoma)  in  comparison  to  the  patient’s  autologous  PBMC  cells, 
with  a  higher  ratio  of  K-CAR  cells  to  target  cells  leading  to  a  higher  percentage  of  target  cell 
death  (Fig.  3C).  Significantly  increased  killing  of  BC  cells  was  also  observed  for  K-CAR  from  a 
normal  donor  (ND8)  in  comparison  to  her  autologous  T  cells,  with  a  higher  ratio  of  K-CAR  cells 
to  target  cells  leading  to  a  higher  percentage  of  target  cell  death  (Fig.  3D).  HERV-K-CAR 
redirected  T  cells  mediated  potent  effector  activity  against  HERV-K^  BC  cell  lines  as  well  as  a 
primary  patient  sample  cultured  as  tumorspheres  from  a  biopsy  (patient  78,  diagnosis  of  IDC). 

Quantification  of  cytokine  release 
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In  order  to  further  evaluate  the  functionality  of  these  HERV-K  specific  CAR^  T  cells,  cytokine 
release  was  assessed  by  enzyme-linked  immunosorbent  assay  (ELISA)  or  EACS  assays.  Release 
of  IFN-y,  TNF-a,  and  Granzyme  B,  assessed  by  ELISA  (Fig.  4A),  was  greater  from  BC  target 
cells  mixed  with  K-CAR  T  cells  from  a  BC  patient  (#157)  than  when  mixed  with  control  T  cells 
obtained  from  the  same  patient.  Released  intracellular  cytokine  levels,  determined  using  flow 
cytometry,  were  greater  after  4-hour  stimulation  of  MDA-MB-231  target  cells  at  a  20:1  ratio 
with  K-CAR  T  cells  from  BC  patient  243  or  from  a  normal  female  donor  (NDl)  than  after 
stimulation  with  the  corresponding  T  cells  from  these  subjects  (Fig.  S4C).  Significantly 
increased  levels  of  IFN-y  (Fig.  4B),  TNF-a  (Fig.  4C)  and  IL-2  (Fig.  4D)  were  released  by  target 
cells  after  K-CAR  T  cell  stimulation  compared  with  control  T  cells,  but  there  was  not  a 
significant  difference  in  cytokine  stimulation  when  K-CAR  T  cells  obtained  from  BC  patients 
were  compared  with  K-CAR  T  cells  from  normal  female  donors.  These  data  strengthen  the 
previous  observation  that  K-CAR  T  cells  stimulate  Thl  cytokine  secretion,  which  may  promote 
killing  of  target  cells. 

Antitumor  effects  of  K-CAR  T  cells  in  vivo 

Antitumor  effects  of  K-CAR^  T  cells  were  evaluated  using  human  tumor  xenograft  mouse 
models.  After  tumor  cell  engraftment,  K-CAR^  T  cells  with  CD4^  T  depletion  were  infused 
intravenously  in  one  group  of  mice  on  days  5,  13,  and  20,  along  with  IL-2  and  IL-21.  Control  T 
cells  from  the  same  donors  were  infused  in  the  same  manner  to  serve  as  controls.  Significantly 
reduced  tumor  growth  (Fig.  5A),  tumor  sizes  (Fig.  5B,  top  panel)  and  tumor  weights  (Fig.  5B, 
bottom  panel)  were  observed  in  mice  bearing  MDA-MB-231  or  MDA-MB-435.eBl  cells  treated 
with  K-CAR  T  cells  compared  to  control  T  or  no  treatment  (blank).  Tumor  sizes  and  weights  in 
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mice  bearing  MDA-MB-435.eBl  eells  without  any  treatment,  or  treated  with  IL-2,  T  cells+IL-2, 
PBMC,  and  PBMC+IL-2  were  determined.  Significantly  reduced  tumor  sizes  and  tumor  weights 
were  observed  in  mice  bearing  MDA-MB-435.eBl  cells  treated  with  K-CAR,  eompared  to 
treatment  with  PBMCs  with  or  without  IL-2,  or  IL-2  treatment  only  (Fig.  S4D). 

The  profiles  of  gene  expression  in  tumor  biopsies 

In  a  previous  study  we  reported  that  treatment  of  BC  eells  with  an  anti-HERV  mAb  impacted 
p53  signaling  pathways,  and  wanted  to  determine  whether  K-CAR  affected  tumorigenesis  by  a 
similar  meehanism.  We  observed  signifieantly  redueed  expression  of  HERV-K  in  tumor 
biopsies  obtained  from  mice  treated  with  K-CAR  eompared  with  T  cell  treatment,  as  assessed  by 
qRT-PCR  (Eig.  5C),  immunoblot  (Eig.  5D),  or  EACS  (Eigs.  S5A  to  S5C).  Of  interest,  TP53  or 
P53-AIP1  was  upregulated  (Eig.  5C,  Eig.  5D,  and  Eig.  S5D),  and  oncogenes  including  MDM2 
(Eig.  5C,  Eig.  5D,  and  Eig.  S5D)  and  p-ERK  (Eig.  5D)  were  downregulated  in  BC  cells  treated 
with  K-CAR. 

Reduced  tumor  metastasis  after  K-CAR  treatment 

BC  eells  in  this  study  were  stably  transfected  with  green  fluorescent  protein  (GEP;  pGreenPuro; 
System  Biosciences;  Pig.  S4A),  and  imaging  was  used  to  assess  metastasis  of  tumor  cells  from 
the  primary  xenograft  tumor  to  other  organs.  The  appearance  of  GPP  in  various  organs  was  used 
for  evaluating  metastasis.  Whole  mouse  images  were  compared  in  eontrol,  T  cell-treated,  and  K- 
CAR-treated  xenografts  (Pig.  S6A).  Intense  green  fiuoreseent  areas  were  found  in  untreated 
mice,  compared  with  mice  treated  with  T  cells  or  with  K-CAR.  A  complete  absence  of 
fiuoreseent  signal  was  observed  in  some  mice  treated  with  K-CAR.  Significantly  reduced 
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numbers  of  metastases  to  organs  were  found  in  mice  treated  with  K-CAR  compared  with  the 
other  treatments,  including  T  cells  with  or  without  IL-2,  PBMC  cells  with  or  without  IL-2,  or  IL- 
2  only  (Fig.  6A).  Images  of  various  organs  revealed  that  metastases  were  present  in  untreated 
mice  but  not  in  mice  treated  with  K-CAR  (Fig.  6B). 

Weights  of  body,  liver,  lung,  and  brain  revealed  no  change  of  body  weight  in  mice  bearing 
either  cell  line  (data  not  shown)  and  reduced  lung  tissue  weights  in  both  cell  models  treated  with 
K-CAR  compared  with  T  cell  treatment  or  other  groups  (Fig.  S6B).  Brain  weights  were  reduced 
in  mice  bearing  MDA-MB-435.eBl  cells  treated  with  K-CAR  compared  with  T  cell  treatment  or 
other  treatment  groups.  Tissues  including  lung,  liver,  and  brain  were  minced,  and  no  GFP"^ 
human  cancer  cells  were  observed  in  mice  treated  with  K-CAR  T  cells  compared  with  other 
groups  (Fig.  S6C,  top  panel).  In  addition,  GFP^  metastatic  cells  harvested  from  pleural  lavage 
fluid  were  observed  in  mice  treated  with  T  cells,  but  not  with  K-CAR  T  cells  (Fig.  S6C,  bottom 
panel).  Cells  from  minced  tissues  were  cultured  and  GFP"^  human  BC  cells  were  seen  at  2  weeks 
post-culture  only  in  cells  from  groups  not  treated  with  K-CAR  (Fig.  S6D).  Hematoxylin  and 
eosin  (H&E)  staining  was  further  used  to  assess  morphological  features  of  tumor  tissues  and 
tissues  from  other  organs  (Fig.  6C).  Tumors  from  mice  treated  with  K-CAR  showed  greatly 
reduced  volumes  and  sizes  in  comparison  to  tumors  obtained  from  mice  treated  with  T  cells  or 
other  treatments.  K-CAR  treatment  resulted  in  smaller  tumor  volumes,  less  tumor  focality  and 
number,  less  infiltrative  borders,  and  decreased  mitotic  activities.  Also,  tumor  cells  from  the  K- 
CAR  group  were  more  uniform  with  less  pleomorphic  nuclei  and  smaller  nucleoli,  and  tumor- 
infiltrating  lymphocytes  were  significantly  increased  in  number.  Metastasis  of  BC  cells  was 
observed  in  many  tissues,  including  liver  and  lung  tissues  from  mice  treated  with  T  cells  (Fig. 
6C)  compared  with  K-CAR  treated  mice.  Only  one  small  metastatic  area  was  observed  in  liver 
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from  mice  treated  with  K-CAR  compared  to  miee  treated  with  T  cells,  which  had  many  more 
metastatic  foci  (Fig.  6A).  Small  nuclei  with  more  regular  eontour,  little  variation  in  size  and  with 
more  uniform  chromatin  were  observed  when  comparing  K-CAR-treated  mice  with  mice  treated 
with  T  cells;  the  T  cell-treated  group  had  marked  variation  in  sizes  and  shapes  of  nuclei. 

Immunohistochemistry  revealed  the  expression  of  HERV-K  and  H-Ras  in  tumor  and 
metastatic  cells  in  several  tissues  obtained  from  mice  treated  with  control  T  cells,  but  not  in  K- 
CAR-treated  miee  (Fig.  6D,  Fig.  S6E).  K-CAR-treated  tumors  showed  minimal  IHC  reaetivity 
to  HERV-K  env  protein  or  H-Ras  protein,  in  eontrast  to  tumors  harvested  from  the  mice  treated 
with  T  cells,  with  the  latter  group  showing  strong  immune  reactivity  against  6H5  mAh  and  H- 
Ras  antibody.  In  summary,  there  was  dramatically  reduced  tumor  burden  after  treatment  with  K- 
CAR  T  cells,  mostly  due  to  the  prevention  of  tumor  metastasis  to  multiple  tissues. 

DISCUSSION 

Adoptive  immunotherapy  is  a  promising  approaeh  for  the  treatment  of  cancer,  and  observations 
from  preelinical  and  elinical  studies  have  revealed  a  very  encouraging  therapeutic  efficacy  of 
CAR-mediated  immunotherapy,  espeeially  for  hematologieal  malignancies.  These  promising 
elinieal  observations  provide  an  indieation  that  adoptive  immunotherapy  may  become  a 
mainstream  therapy  in  the  elinieal  oncology  field  in  the  near  future.  However,  targeting  solid 
tumors  is  more  ehallenging  than  treatment  of  hematological  malignancies  beeause  solid  tumors 
may  have  rare  target  antigens,  poor  T-eell  trafficking  to  the  tumor  site,  and  lower  agent 
eytotoxieity  due  to  the  immunosuppressive  environment  of  the  local  tumor.  In  addition,  although 
clinical  trials  with  CARs  have  given  positive  results,  some  adverse  reactions  have  been  reported 
(9,  29).  The  primary  ehallenge  to  the  field  is  to  identify  tumor-specifie  targets  and  avoid  off- 


12 


tissue  toxicity.  Appropriate  candidate  target  antigen  selection  is  thus  essential  for  improving 
efficacy  and  safety  of  the  CAR-based  immunotherapy.  Collectively,  an  optimal  design  of  the 
CAR  and  a  careful  choice  of  the  TAA  are  indispensable  for  CAR-mediated  therapy  to  attain  a 
significant  response. 

We  and  others  have  previously  reported  that  the  expression  of  HERV-K  env  protein  is  unique 
to  BC  cells  and  tissues,  and  we  have  successfully  used  the  protein  as  a  TAA  for  development  of 
a  BC  vaccine  (22,  26,  27).  Furthermore,  we  generated  an  anti-HERV-K  mAh  6H5  and  its  scFv 
and  tested  their  ability  to  bind  to  BC  cells  and  tissues.  Our  data  indicate  that  these  antibodies  not 
only  have  specificity  and  sensitivity  in  binding  to  BC  cell  lines,  but  also  exhibit  anti-tumor 
effects  against  BC  in  vitro  and  in  vivo  (25).  Our  accumulated  data  thus  provide  strong  evidence 
that  HERV-K  env  protein  may  be  an  ideal  target  for  BC  immunotherapy,  suggesting  that  6H5 
scFv  can  be  used  for  CAR-based  therapy  against  BC. 

To  date,  most  studies  of  CAR-related  therapy  have  utilized  retroviruses  or  lentiviruses  for 
gene  delivery.  The  SB  system  we  employed  here  is  frequently  used  for  gene  delivery  and  long¬ 
term  transgene  expression  due  to  its  lower  cost  and  better  safety  profile  (30-32).  We  used  the  SB 
system  to  transfer  HERV-K-CAR  into  PBMCs  from  BC  patients  and  normal  female  donors  to 
propagate  K-CAR  T  cells,  and  showed  that  these  cells  display  CAR-dependent  effector  function 
and  anti-proliferative  effects.  Both  BC  patients  and  normal  donors  can  produce  K-CAR  T  cells. 
The  overall  population  of  K-CAR^T  cells  obtained  from  BC  patients  was  significantly  expanded 
compared  to  those  from  NDs,  as  analyzed  21  days  after  culture  with  aAPC  and  IE-2,  suggesting 
that  there  may  be  increased  memory  T  cells  in  this  group.  However,  a  slower  proliferation  rate 
was  observed  for  K-CAR  T  cells  generated  from  BC  patients  than  from  NDs.  A  higher 
percentage  of  CD4^  T  cells  and  a  lower  percentage  of  CD8^  T  cells  were  noted  in  BC  patients 
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compared  with  NDs,  but  there  was  no  signifieant  differenee  in  the  pereentage  of  CD8^  or  CD4^ 

T  eells  from  K-CAR  T  eells  obtained  from  BC  patients  or  NDs.  Of  interest,  a  signifieantly 
enhaneed  pereentage  of  CD8^  T  eells  were  found  in  K-CAR  T  eells  after  CD4  depletion. 
Signifieantly  enhaneed  speeifie  lysis  of  target  eells  was  observed  in  BC  patient  K-CAR  T  eells 
with  CDd"^  T  eell  depletion,  eompared  to  those  without  depletion.  Tumor  eseape  from  immune- 
mediated  destruetion  has  been  assoeiated  with  immunosuppressive  meehanisms  that  inhibit  T 
eell  aetivation  (55).  Suppression  of  CDS"^  effector  cells  by  CDd^CDlS^FoxPS"^  regulatory  T  cells 
(Tregs)  plays  a  key  role  in  this  immunosuppression  (54).  Our  results  indieate  that  K-CAR  T  eells 
from  BC  patients  eontain  a  high  presenee  of  CD4^CD25^FOXP3^  Tregs,  eompared  with  K-CAR 
T  eells  from  normal  female  donors.  Our  data  thus  support  the  eoneept  that  Treg  depletion  from 
K-CAR  T  cells  provides  synergy  for  improved  immune-mediated  tumor  control  in  vitro  and  in 
vivo. 

K-CAR-dependent  effector  function  and  cytotoxicity  against  HERV-K^  BC  cells  was 
demonstrated  in  many  of  our  assays,  whieh  showed  inhibition  of  BC  eell  proliferation,  inereased 
speeifie  lysis  in  CTL  assays,  and  inereased  eell  death.  Anti-tumor  effeets  were  also  greater  with 
K-CAR  T  eells  than  T  cells  from  the  same  donors.  Inhibition  of  proliferation  and  enhanced 
eytotoxieity  toward  BC  eells  was  observed  to  inerease  upon  exposure  to  a  larger  number  of  K- 
CAR  T  cells.  The  speeifie  killing  occurred  in  an  antigen-dependent  manner,  beeause  no  killing 
was  observed  if  target  eells  sueh  as  MCF-lOA  breast  eells  did  not  express  HERV-K,  or  if  the 
expression  of  HERV-K  was  knoeked  down  by  shRNA  in  BC  eells. 

Enhaneed  release  of  eytokines,  ineluding  lEN-gamma,  IE-2,  TNE-alpha,  and  Granzyme  B, 
was  deteeted  in  culture  media  of  BC  eells  treated  with  K-CAR  T  eells  versus  T  cells  obtained 
from  BC  patients  and  NDs.  No  signifieant  differenee  in  eytokine  produetion  was  found  in  K- 
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CAR  obtained  from  BC  patients  and  controls.  Release  of  these  Thl  cytokines  may  assist  in  K- 
CAR  T  cell  killing  of  BC  cells. 

Anti-tumor  effects  were  also  demonstrated  in  xenograft  models  inoculated  with  two  BC  cell 
lines.  Significantly  reduced  tumor  growth  of  K-CAR^  T  cell  treatment  groups  was  observed  in 
both  models  compared  with  mice  treated  with  T  cells.  The  expression  of  HERV-K  was 
concomitantly  significantly  reduced  in  tumor  biopsies  treated  with  K-CAR  in  both  mouse 
models.  Interestingly,  upregulation  of  P53  and  downregulation  MDM2  was  detected  in  tumor 
biopsies  treated  with  K-CAR  compared  with  T  cell  treatment.  These  changes  were  observed  not 
only  at  the  RNA  level  but  also  at  the  level  of  protein  expression.  TP5  3 -inducible  genes  play 
crucial  roles  in  cell  cycle  control,  DNA  repair,  and  apoptosis.  The  tumorigenic  potential  of 
MDM2,  the  principal  cellular  antagonist  of  p53,  is  closely  linked  to  its  repressive  function  of 
p53. 

The  RAS-ERK  pathway  is  known  to  play  a  pivotal  role  in  differentiation,  proliferation  and 
tumor  progression.  HERV-K  env  protein  downregulation  correlated  with  downregulation  of  p- 
ERK  protein  in  most  of  the  mice  treated  with  K-CAR  T  cells.  In  an  earlier  study,  knockdown  of 
wild-type  p53  led  to  activation  of  p-ERKl/2  (55),  showing  a  reciprocal  relationship  similar  to 
what  we  observed  in  the  current  study.  The  RAS-RAE-MEK-ERK  signaling  pathway  has  been 
proposed  to  play  an  important  role  in  HERV-K  activation  (36).  These  observations  may  thus 
provide  a  mechanistic  explanation  of  the  role(s)  HERV-K  plays  in  breast  tumorigenesis. 

Another  important  finding  in  this  study  is  the  anti-metastatic  role  of  K-CAR.  We  observed 
significantly  reduced  or  no  metastasis  to  lung,  liver,  brain,  and  lymph  nodes  in  mice  treated  with 
K-CAR  compared  with  mice  treated  with  T  cells  and  the  other  treatments  tested.  These  tumor 
cells  present  in  tumor  biopsies,  as  well  as  those  that  metastasized  to  other  organs,  were  HERV- 
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BC  cells.  It  will  be  of  interest  to  determine  the  meehanism  by  whieh  K-CAR  prevents 
metastasis  to  distant  sites,  and  whether  p53,  H-RAs,  and  MAPK  signaling  pathways  are  also 
involved  in  K-CAR  mediation  of  metastasis  suppression  in  this  model. 

Sinee  RAS-ERK  and  MDM2  signaling  have  been  demonstrated  to  play  important  roles  in 
eell  growth  and  tumorigenesis,  our  results  may  explain  mechanistieally  how  K-CAR  treatment 
induees  inhibition  of  eell  proliferation  in  vitro  and  tumorigenesis  in  vivo. 

In  summary,  our  data  provide  strong  evidenee  that  K-CAR  is  very  effective  for 
immunotherapy  against  BC.  The  K-CAR  bloeked  BC  proliferation  both  in  vitro  and  in  vivo  in 
xenograft  models.  A  significant  finding  from  this  study  is  that  the  K-CAR  prevented  metastasis 
from  the  site  of  tumor  implantation  to  a  variety  of  other  organs.  K-CAR  thus  appears  to  be 
effeetive  in  bloeking  both  primary  tumor  growth  and  metastasis  to  distant  sites.  This  study 
demonstrated  antitumor  effieaey  in  murine  models;  antitumor  effects  in  in  BC  patients  will  need 
to  be  evaluated  in  future  studies. 

One  limitation  of  this  study  is  that  only  the  HERV-K(HML-2)  family  was  evaluated.  There 
are  multiple  other  HERV  families  that  eould  potentially  be  used  for  CAR-based  adoptive 
immunotherapy.  Another  limitation  is  that  metastasis  was  evaluated  from  primary  xenograft 
tumors  generated  from  eaneer  eell  lines.  Clinieal  trials  are  needed  to  determine  the  effieaey  of 
K-CARs  in  humans. 

MATERIALS  AND  METHODS 
Study  Design 

Patient  eells  and  samples  were  analyzed  for  various  aspeets  of  immune  response,  and  data  were 
analyzed  in  a  blinded  fashion.  Samples  were  analyzed  at  least  in  triplieate,  and  experiments  in 
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mice  (n=5  per  group)  were  independently  replicated  at  least  twice.  Animal  studies  that  gave 
similar  results  were  used  to  arrive  at  conelusions. 

Ethics  Statement 

Peripheral  blood  mononuclear  cells  (PBMCs)  were  obtained  from  cancer  patients  and  NDs  at 
MD  Anderson  Cancer  Center  according  to  an  approved  Institutional  Review  Board  protoeol 
(LAB04-0083)  and  written  informed  consent  was  provided  by  study  participants  and/or  their 
legal  guardians.  Animal  studies  were  earried  out  in  aceordance  with  the  recommendations  in  the 
Guide  for  the  Care  and  Use  of  Laboratory  Animals  of  MD  Anderson  Cancer  Center.  The 
proeedures  employed  herein  were  performed  aecording  to  the  Deelaration  of  Helsinki. 

Plasmids 

The  scFv  sequence  from  mAh  clone  6H5  (25)  against  HERV-K  envelope  protein  was  codon 
optimized  (CoOp)  (Invitrogen,  Carlsbad,  CA)  and  eloned  into  the  SB  transposon  driven  by  the 
human  elongation  factor- la  (hEF-la)  promoter,  flanked  by  SB  inverted  repeats  forming 
CoOp6H5CD28/pSBSO  (a  gift  from  Dr.  Laurenee  Cooper,  MD  Anderson  Cancer  Center).  The 
HERV-K  full-length  env  sequenee  obtained  from  BC  patient  37  (diagnosis  of  IDC;  Eig.  S2B), 
containing  the  viral  surface  and  transmembrane  domains  of  HERV-K  env,  was  eloned  into  a 
pEVX-DsRed-Monomer-C  1  veetor  (Clontech  Eaboratories,  Inc). 

Cell  lines 

MCE-7,  SKBR3,  MDA-MB-231  and  MDA-MB-435.eBl  BC  cell  lines  as  well  as  HEK293, 
K562,  and  MCE-lOA  (immortalized  breast  epithelial  cells)  were  obtained  from  the  American 
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Type  Culture  Colleetion  (Manassas,  VA).  MCF-IOAT  eells  were  a  gift  from  Dr.  Fred  Miller  at 
the  Michigan  Cancer  Foundation.  Cell  lines  were  cultured  in  Roswell  Park  Memorial  Institute 
medium  (RPMI)  or  Dulbecco’s  modified  eagle  medium  (DMEM;  Thermo  Scientific,  Rockford, 
IL)  with  10%  fetal  bovine  serum  (FBS;  Thermo  Scientific)  and  5%  GlutaMAX  (Gibco  Life 
Technologies,  Grand  Island,  NY).  All  cell  lines  were  tested  and  found  to  be  mycoplasma  free. 

In  vitro  proliferation  of  HERV-K-specific  CAR  T  cells 

Peripheral  blood  mononuclear  cells  were  isolated  by  Ficoll-Paque  density  gradient  centrifugation 
as  described  previously  (26)  and  electroporated  with  the  SB  system  as  described  previously  with 
some  minor  modifications  (28).  Briefly,  PBMCs  (IxlO’  per  cuvette)  were  resuspended  in  100  pi 
of  Amaxa  Nucleofector  solution  (Human  T-cell  Kit),  mixed  with  8  pg  of  6H5scFvCD28mZ 
(CoOp/pSBSO)  and  5  pg  of  pCMV-SBl  1,  and  electroporated  using  the  U-14  program  in  an 
Amaxa  Nucleofector®  (Lonza,  Allendale,  NJ).  K562  cells  stably  transduced  with  pLVX-Kenv  to 
express  HERV-K  env  protein  were  used  as  aAPC  to  propagate  and  generate  K-CAR^  T  cells. 
After  4  hours  of  culture,  the  electroporated  T  cells  were  split  to  maintain  suitable  density  and  co¬ 
cultured  with  y-irradiated  (100  Gy)  aAPC  at  a  1:2  T  celliaAPC  ratio.  The  aAPCs  were  added 
twice  weekly.  Soluble  IL-21  (eBioscience)  and  IL-2  (Chiron)  cytokines  were  supplemented 
every  other  day  at  a  concentration  of  30  ng/mL  and  50  U/ml,  respectively,  to  complete  RPMI 
media  in  the  presence  of  OKT3  (0.5  pg/ml),  as  described  previously  (28).  CAR^  T  cells  were 
quantified  weekly  by  EACS  and  were  identified  as  those  positive  for  both  Ec  and  CD3^  markers, 
as  described  previously  (28).  The  PE-conjugated  E(ab')2  fragment  of  goat  anti-human  Ecy  was 
used  for  assessing  Ec  positivity.  Control  T  cells  were  mock  transfected  without  added  DNA  or 
GEP,  as  negative  controls. 
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FACS  analysis 

6H5  mAb  (1  )J.g/10^  cells)  was  used  to  detect  the  expression  of  HERV-K  in  breast  cell  lines  as 
deseribed  previously  (25).  Antibodies  ineluding  PE-eonjugated  E(ab')2  fragment  of  goat  anti¬ 
human  Eey,  Alexa  Eluor®  647-anti-CD3,  anti-CD4  PerCPCy5.5,  anti-CD8  APC,  anti-IEN-y  PE, 
anti-IE-2  PE,  anti-TNE-a  PE,  anti-CD25  APC,  and  anti-POXP3  PE  (BD  Bioscienees)  were  used 
for  EACS  assays,  as  deseribed  previously  (25,  26).  Cells  were  washed  twiee,  followed  by 
bloeking  of  nonspeeific  binding  using  EACS  wash  buffer  (2%  EBS  and  0.1%  sodium  azide  in 
phosphate -buffered  saline).  Elow  eytometry  was  done  multiple  times  on  eaeh  sample  to  aseertain 
reprodueibility  of  the  results.  ElowJo  VlO  software  (BD  Bioseienees)  was  used  for  the  analysis 
of  flow  eytometry  data. 

Immunohistochemistry 

Immunohistoehemistry  was  earned  out  using  a  VECTASTAIN  kit  (Vector  Eaboratories)  as 
described  previously  (25,  26).  Briefly,  slides  were  stained  with  6H5  mAb  or  Ras  Rabbit  mAb 
(Cell  Signaling  Technology,  10  pg/ml;  100  pi  per  slide)  at  room  temperature  for  30  minutes, 
followed  by  diluted  biotinylated  seeondary  antibody  and  universal  ABC  Reagent.  Ereshly 
prepared  DAB  substrate-chromogen  solution  (DAKO)  was  applied  until  the  desired  stain 
intensity  was  aehieved.  Seetions  were  rinsed  in  tap  water,  followed  by  eounterstaining  with 
giemsa,  elearing  and  mounting. 
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CD4^  lymphocyte  depletion 

CD4^  lymphocyte  depletion  was  carried  out  using  beads  (Miltenyi  Bioteeh  Inc.,  Auburn, 
CA)  on  an  autoMACS  Pro  Separator  (Miltenyi  Bioteeh)  aecording  to  the  manufacturer’s 
instructions.  K-CAR  T  cells  were  depleted  of  CD4  T  cells  at  30  days  post-eleetroporation  and 
used  for  in  vivo  experiments.  The  percentage  of  CD8^  and  T  eells  in  K-CAR  T  population 
was  assessed  by  FACS. 

Detection  of  K-CAR 

Total  RNA  was  isolated  and  purified  from  K-CAR^  T  cells  as  deseribed  previously  {22,  27). 
Primers  specifie  for  6H5  seFv  [forward  (5’-  GAGGGCAACGTCTTTAGCTG-3’)  and  reverse 
(5’-GATGATGAAGGCCACTGTCA-3’)]  were  used  for  RT-PCR  and  the  reaetion  conditions 
were  as  described  previously  {26).  The  6H5  scFv  plasmid  served  as  the  positive  control. 

Cytotoxic  T  lymphocyte  (CTL)  assay  Cytolytie  aetivity  was  measured  using  target  eells  labeled 
with  the  fluorescence-enhaneing  ligand  DELFIA  EuTDA,  aecording  to  the  manufaeturer’s 
instruetion  (Perkin-Elmer  Eife  Seienees,  Norwalk,  CT).  Eluorescenee  was  measured  using  a 
Wallac  Victor  2  Multilabel  Counter  (Perkin-Elmer).  Percent  speeific  release  was  caleulated 
aeeording  to  the  following  formula:  %speoific  lysis  =  100  x  [(experimental  release  -  spontaneous 
release)  /  (maximum  release  -  spontaneous  release)]. 

Cytokine  release  assay 

HERV-K  speeifie  CAR  T  eells  were  co-cultured  with  tumor  eells  at  various  eoncentrations  for  4 
hours  in  a  round-bottomed  96-well  plate  with  200  pi  of  complete  RPMI  culture  medium.  BD 
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Golgi  Plug  (1  |il/ml)  was  added  to  all  wells  to  trap  eytokines  inside  the  eell.  The  eells  were  then 
washed,  fixed  and  permeabilized  with  100  pi  of  Cytofix/Cytoperm  buffer  (BD  Bioseienees)  for 
20  minutes  at  4°C.  Release  of  the  intraeellular  eytokines  that  ineluded  IFN-y,  TNF-a  and  IL-2 
was  determined.  The  permeabilized  eells  were  stained  with  PE-eonjugated  anti-IFN-y,  TNF-a, 
and  IL-2  antibodies,  and  analyzed  by  FACS.  PMA  (10  ng/ml)  plus  ionomyein  (200  ng/ml;  BD 
Bioseienees)  treated  T  eells  were  used  as  positive  eontrols  for  this  assay.  In  addition,  a  eell- 
release  eapture  ELISA  was  introduced  to  detect  cellular  production  of  lEN-y,  TNE-a,  and 
Granzyme  B  as  described  previously  (26).  Absorbance  was  measured  after  10  minutes  of 
incubation  in  the  dark,  and  the  plate  was  read  on  a  Wallac  Victor  2  V  Microplate  Reader 
(PerkinElmer). 

HERV-K  env  shRNA  lentiviral  packaging 

shRNAs  targeting  the  HERV-K  env  gene  (shRNAenv;  GenBank  No.  M14123.1)  and  matched 
scrambled  shRNA  sequences  serving  as  negative  controls  (shRNAc)  were  designed  using  the 
Invitrogen  RNAi  Designer  program,  and  cloned  into  the  pGreenPuro'^’’^  vector  (System 
Bioseienees).  Lentiviral  particles  expressing  shRNA  were  then  packaged  and  titered  according 
to  the  manufacturer’s  instructions.  RT-PCR,  qRT-PCR,  EACS,  and  immunoblot  were 
subsequently  performed  to  determine  the  expression  of  HERV-K  env  RNA  or  protein  in  cell 
lines. 

Immunoblot  analysis 

Total  protein  lysates  of  cells  or  tissues  were  used  for  immunoblot  analysis  as  described 
previously  {37,  38).  Anti-HERV-K  mAh  6H5,  anti-human  tumor  protein  p53  (TP53,  1  pg/mL 
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final  concentration),  phospho-p44./p\42  MAP  kinase  (Erkl/2)  and  p44./p\42  MAP  kinase 
(Erkl/2)  (137F5)  (Cell  Signaling  Teehnology),  TP5 3 -regulated  apoptosis-indueing  protein-1 
(TP53AIP1,  1  pg/mE)  (Abeam),  MDM2  (1:1,000  dilution;  Sigma- Aldrich),  and  P-Actin 
antibodies  (1:1,000  dilution;  University  of  Iowa)  were  used  as  primary  antibodies.  P-Aetin  was 
used  as  the  internal  positive  control  for  all  immunoblots.  Immunoreactive  bands  were  deteeted 
with  anti-mIgG-horseradish  peroxidase  (1:5,000  dilution;  Sigma- Aldrieh,  St.  Eouis,  MO),  which 
served  as  the  secondary  antibody.  The  protein  levels  were  quantified  by  Image!  software  (NIH, 
Bethesda,  MD;  http://rsb.info.nih.gov/ii). 

Alamar  Blue  Assay  of  Cell  Viability 

Cells  were  seeded  in  flat-bottomed  96-well  eulture  plates  at  a  density  of  1  x  10"^  cells/well.  Ten 
pi  of  Alamar  Blue  (AbD  Serotec,  U.K.)  was  then  added  to  each  well  and  eells  were  eo-eultured 
with  HERV-K  specifie  CAR  T  cells  at  various  ratios.  The  plates  were  ineubated  and  the 
fiuoreseenee  intensity  was  measured  at  different  time  points  using  a  Victor  1402  multilabel 
counter  (Wallac).  The  cell  viability  was  proportional  to  the  amount  of  fluorescence. 

Cancer  Stem  Cell  Culture 

For  growing  tumorspheres  in  suspension,  trypsinized  cells  (MDA-MB-435.eBl)  and  patients’ 
tumor  eells  were  eultured  on  ultra-low  attachment  tissue  culture  plates  with  stem  eell  culture 
medium  under  5%  CO2  at  37°C,  as  deseribed  previously  (39-41). 

Live/Dead  Viability/Cytotoxicity  tests 
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To  assess  the  eytotoxieity  of  CAR  T  eells  toward  targets,  eell  viability  was  investigated  using  a 
live/dead  viability/ eytotoxieity  kit  (Invitrogen,  Carlsbad,  CA).  Nonfluoreseent  eell-permeant 
ealeein  aeetoxymethyl  ester  AM  is  eonverted  to  intensely  fluoreseent  ealeein  in  the  presenee  of 
intraeellular  esterase  aetivity;  the  ealeein  is  well  retained  within  live  eells  and  produees  green 
fluoreseenee.  Ethidium  homodimer- 1  penetrates  eells  with  membrane  damage  and  binds  to 
nueleie  aeids  to  produee  red  fluoreseenee  in  dead  eells.  Staining  was  performed  aeeording  to  the 
manufaeturer’s  instruetions.  Adequate  negative  (eells  without  treatment)  and  positive  (eells 
treated  with  0.3%  Triton  X-100  detergent;  Serva,  Heidelberg,  Germany)  eontrols  for  eell  death 
were  run  with  eaeh  set  of  experiments.  Cell  viability  was  also  analyzed  by  fluoreseenee 
mieroseopy  after  24  hours  of  ineubation.  Green  and  red  eells  were  eounted  per  eight  fields  at 
200-fold  magnifieation  for  ealeulation  of  the  pereentage  of  dead  eells. 

In  vivo  antitumor  activity  of  HERV-K-C  AR  T  cells 

Eight-week-old  female  NOD/SCID  miee  were  injeeted  with  1x10^  BC  eells  subeutaneously  in 
both  flanks.  Another  model  was  ereated  by  subeutaneous  injeetion  of  2x10^  MDA-MB-435.eBl 
eells  in  both  flanks.  Miee  (n=5)  reeeived  1x10^  K-CAR  eells  by  intravenous  infusion  starting  on 
days  5  and  13  post-injeetion.  On  day  20  post-injeetion  of  BC  eells,  1x1 0’  K-CAR  eells  were 
infused,  followed  by  600  U  of  IE-2  (eBioseienee),  whieh  was  injeeted  intraperitoneally  and 
intravenously  onee  a  week  during  the  treatment  period.  One  eohort  of  miee  (n=5)  bearing  the 
tumor  reeeived  no  treatment  as  a  blank  eontrol  group.  The  other  four  eohorts  were  treated  with 
IE-2,  PBMC,  PBMC  plus  IL-2,  and  eontrol  T  eells,  respeetively.  When  tumors  beeame 
measurable,  tumor  size  was  ealeulated  and  growth  rates  measured  twiee  weekly.  Miee  were 
euthanized  when  tumor  volumes  exeeeded  1000  mm  .  Eresh  lung,  liver,  bone,  brain,  pleural 
lavage  fluid,  and  axillary  lymph  nodes  were  then  extraeted,  weighed,  and  evaluated  for 
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metastases.  RNA  and  protein  were  isolated  from  both  groups  and  the  expression  of  HERV-K  env 
RNA  was  determined  by  qRT-PCR  and  immunoblot.  qRT-PCR  was  earried  out  using  the 
TaqMan®  One-Step  RT-PCR  Master  Mix  Reagents  Kit  (Applied  Biosystems,  CA).  The 
expression  level  of  GAPDH  gene  was  used  as  an  internal  eontrol.  The  relative  gene  expression 
levels  were  quantified  by  the  2  E^act)  described  {42). 

Statistical  Analysis 

Data  are  expressed  as  means  ±  SD,  and  were  analyzed  by  Student’s  t  test  when  only  two  groups 
were  examined  or  by  using  one-way  analysis  of  variance  when  more  than  two  groups  were 
examined.  All  statistical  tests  were  two-sided,  and  all  P  values  less  than  0.05  were  considered 
statistically  significant,  as  determined  using  Graph  Pad  Prism  software  (GraphPad  Software  Inc., 
San  Diego,  CA)  or  IBM  SPSS  Statistics  software,  release  19.0.0  (2010,  IBM  Corporation). 
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Figure  Legends: 
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Fig.  1C 
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Fig,  1  Characterization  of  K-CAR  in  various  donors.  A)  RT-PCR  was  employed  to  deteet  the 
expression  of  6H5  seFv  (700  bp)  using  seFv  speeifie  primers.  Amplified  P-aetin  was  used  as  a 
loading  eontrol,  and  scFv  plasmid  was  used  as  a  positive  eontrol.  Expression  of  6H5  scFv  was 
demonstrated  in  K-CAR  T  cells  obtained  from  BC  patients  and  NDs.  No  scFv  expression  was 
detected  in  control  T  cells  or  PBMCs.  B)  Both  Fc^  and  CD3^  T  cell  populations  were 
determined  in  T  cells  transfected  with  K-CAR  or  GFP  from  patient  157  (top  panel)  and  NDl 
(bottom  panel)  by  FACS  using  anti-Fc  and  CDS  antibodies  on  days  7,  21  and  35  post¬ 
transfection.  The  isotype  alone  was  used  as  control.  C)  Both  FOXPS^  and  CDS"^  or  CDd"^  T 
cells  from  BC  patient  243  were  determined  by  FACS  (left  panel).  The  percentage  of  CD8^  T 
cells  was  increased  in  K-CAR  T  cells  after  CD4  depletion  (right  panel).  D)  Lower  percentages 
of  CD8^  and  higher  percentages  of  CD4^  T  cells  were  demonstrated  in  K-CAR  T  cells  obtained 
from  BC  patients  than  from  NDs  (top  panel).  Significantly  enhanced  CD8^  (F’=0.0003)  and 
reduced  CD4^  (^=0.0004)  T  cell  populations  were  demonstrated  in  T  cells  from  BC  patients 
(n=7)  after  CD4  depletion. 
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Fig.  2C 
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Fig.  2  Detection  of  anti-tumor  effects  in  vitro:  A)  Inhibition  of  BC  cell  growth  was  observed 
when  these  cells  were  treated  with  K-CARs  from  patients  (157  and  108),  using  the  Alamar  Blue 
assay.  B)  CTL  assays  were  employed  to  determine  the  cytotoxicity  of  K-CAR  toward  BC  cells  at 
various  ratios  of  effeetor  to  target.  Signifieantly  greater  lysis  was  demonstrated  in  both  cell  lines 
using  K-CAR  from  patient  108  (top  panel).  Enhaneed  specific  lysis  was  observed  in  MDA-MB- 
231  eells  using  K-CAR  from  patient  233  with  CD4^  T  depletion  (CD4-K-CAR),  compared  to  no 
depletion  of  CD4^  T  cells  (K-CAR;  bottom  panel).  C)  The  expression  of  HERV-K  was 
determined  in  BC  cell  lines  transduced  with  a  shRNAenv  or  control  shRNAc  by  immunoblot 
assays  using  6H5  mAb.  Expression  of  HERV-K  protein  was  downregulated  by  approximately  70 
to  80%,  eompared  to  the  expression  level  of  shRNAc  transduced  eells.  D)  The  speeifie  lysis  of 
K-CAR  T  cells  from  patients  108  and  257  or  NDs  (ND8  or  NDIO)  was  redueed  in  BC  target 
cells  stably  transduced  with  shRNAenv  compared  with  shRNAc.  This  result  indicates  that 
specific  lysis  is  antigen-dependent. 
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Fig.  3A 
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Fig.  3C 


#257 


MDA-MB-231 


Effector  to  target  cell  ratio 


MDA-MB-435.eB1 


Fig.  3D 


ND8 


MDA-MB-435eb1 


=  60- 
0) 
u 


CL 


p=0.011 


p=0.017 


p=0.108 


p=0.004 


H 


p<0.001 


p=0.002 


n 


iP=0.0ll) 


A  \  \  \  \  \  \  .N  .S 

n'=>- 


o'-  ,  o'" 

I* 

Effector  to  target  cell  ratio 


#78  tumospheres 


Effector  to  target  cell  ratio 


38 


Fig.  3  Specificity  of  cell  death  assay  of  K-CAR:  A)  Target  cells  were  loaded  with  K-CAR  (5:1 
ratio  of  K-CAR  T  cells  to  target  cells,  top  panel;  or  20:1  ratio,  bottom  panel)  for  4  hours.  Live 
cells  (green  color)  and  putative  dead  cells  (red  color)  were  identified  using  the  co-stained 
Live/Dead  Viability  Assay.  EthD-1  penetrates  cells  with  membrane  damage  and  binds  to  nucleic 
acids  to  produce  red  fluorescence  in  dead  cells.  B)  Significantly  greater  numbers  of  dead  cells 
were  found  in  K-CAR- treated  BC  cells  compared  with  MCF-lOA  after  random  counts  of  eight 
fields  per  well.  Cell  death  was  greatest  in  BC  cells  that  had  higher  expression  of  HERV-K  env 
protein  (MDA-MB-231>MDA-MB-435.eBl>MCE-7>MCE-10A).  C)  Cell  viability  was  also 
analyzed  by  EACS.  The  percentage  of  dead  target  cells  increased  with  the  ratio  of  K-CAR  T 
cells  to  target  cells  for  patient  257  (Fig.  3C)  or  ND8  (Fig.  3D),  but  not  with  the  ratio  of  PBMC 
(Fig.  3C)  or  control  T  cells  (Fig.  3D)  to  target  cells.  Primary  tumorspheres  grown  from  a  tumor 
biopsy  of  patient  78  were  used  as  target  cells  in  Fig.  3D  (right  panel).  Target  cells  treated  with 
0.3%  Triton  X-100  detergent  were  used  as  positive  controls  for  cell  death. 
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Fig.  4C 
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Fig,  4  Cytokine  release:  A)  An  ELISA  assay  was  used  to  detect  cytokine  release  from  BC  cells 
treated  with  K-CAR  or  control  T  cells.  Significantly  enhanced  IFN-gamma,  TNF-alpha,  and 
Granzyme  B  release  into  the  culture  media  was  demonstrated  in  target  cells  treated  with  K-CAR 
compared  to  treatment  with  control  T  cells  generated  from  BC  patient  157.  A  greater  release  of 
cytokine  was  detected  as  the  ratio  of  target  to  effector  increased.  PMA/IONO  was  used  as  a 
positive  control  to  stimulate  maximal  cytokine  release.  The  percentage  of  cytokine  release  in 
target  cells  treated  with  K-CAR  from  BC  patients  or  from  normal  female  donors  was  determined 
by  FACS  assays  using  antibodies  for  various  cytokines.  Significantly  enhanced  release  of  IFN- 
gamma  (B),  TNF-alpha  (C),  and  IL-2  (D)  was  observed  from  target  cells  treated  with  K-CAR  T 
cells  compared  with  control  T  cells.  No  significant  difference  was  found  between  target  cells 
treated  with  K-CAR  T  cells  from  BC  patients  or  normal  female  donors. 
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Fig.  5C 
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Fig,  5  Antitumor  effect  in  vivo  and  mechanism:  A)  Mice  were  inoeulated  with  BC  cells  and 
were  untreated  (black  tracing),  or  treated  with  eontrol  T  eells  (T  cells)  or  K-CAR  T  cells  (K- 
CAR)  on  post-injeetion  days  5,  13  and  21.  Signifieantly  redueed  tumor  growth  was 
demonstrated  in  miee  treated  with  K-CAR  eompared  to  treatment  with  eontrol  T  eells  or  no 
treatment.  B)  Tumor  weights  were  signifieantly  redueed  in  miee  treated  with  K-CAR  compared 
to  treatment  with  other  eontrols.  C)  The  expression  of  various  genes  in  the  treatment  groups  was 
deteeted  by  qRT-PCR.  Signifieantly  redueed  expression  of  HERV-K  in  tumor  biopsies  was 
observed  in  miee  treated  with  K-CAR  in  both  BC  eell  xenograft  models.  K-CAR  treatment 
downregulated  expression  of  HERV-K,  and  this  was  aoeompanied  by  upregulation  of  TP53  and 
downregulation  of  MDM2  expression.  D)  These  profiles  of  gene  expression  were  eonfirmed  at 
the  protein  level  by  immunoblot  assays.  In  addition  to  effeets  on  p53  and  MDM2  expression,  K- 
CAR  T  cell  treatment  of  miee  produeed  tumors  that  had  deereased  expression  of  p-ERK  but  not 
of  ERK,  eompared  with  eontrols. 
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Fig.  6C 
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Fig.  6D 
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Fig,  6  In  vivo  anti-metastatic  effect  of  K-CAR  treatment:  A)  Mice  inoculated  with  MDA-MB- 
435. eBl  cells  and  treated  with  K-CAR,  vs.  mice  treated  with  control  T  cells,  had  metastases  to 
organs  that  included  axillary  lymph  node  (1  metastatic  focus  in  K-CAR  T  cell  treatment  group 
vs.  1  metastatic  focus  in  the  control  T  cell  treatment  group),  lung  (0  vs.l),  liver  (0  vs.l),  brain  (0 
vs.l),  and  pleural  lavage  fluid  (1  vs.  2).  Thus,  mice  treated  with  K-CAR  had  2  total  metastatic 
foci  to  these  organs,  while  mice  treated  with  control  T  cells  had  6  total  foci.  IL-2,  PBMC,  blank, 
and  PBMCs  +  IL-2  treatment  groups  also  had  significantly  more  metastases  than  the  K-CAR  T 
cell  treatment  group.  B)  Metastases  that  formed  in  other  organs)  after  K-CAR  treatments  or  no 
treatment  (blank)  are  pictured  here.  C)  Biopsies  of  tumors  as  well  as  metastases  to  lung  and  liver 
from  K-CAR  and  T  cell  treatment  groups  were  stained  with  H&E  and  samples  are  shown  here  in 
20X  and  40X.  D)  The  expression  of  HERV-K  and  H-Ras  in  biopsies  from  the  same  tissues  as  in 
(C)  was  determined  by  IHC  using  6H5  mAh  and  H-Ras  antibody.  The  expression  of  HERV-K  or 
H-RAs  was  demonstrated  in  the  tumor  areas  identified  by  H&E  staining. 
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Fig.  SIC 
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Fig.  SI  The  expression  of  HERV-K  env  protein  in  various  breast  cell  lines:  A)  FACS  was 
used  to  determine  the  expression  of  HERV-K  env  protein  in  various  breast  cell  lines  using  6H5 
mAh.  A  higher  percentage  of  membrane  and  cytoplasmic  expression  of  viral  protein  was 
demonstrated  in  BC  cells  lines  compared  with  MCF-lOA  transformed  breast  cells.  B) 
Immunofluorescence  staining  was  employed  to  detect  the  expression  of  viral  protein  in  breast 
cell  lines.  Higher  HERV-K  expression  was  demonstrated  in  BC  cell  lines  than  in  MCE-lOA 
breast  cells.  Anti-KEH  mIgG  was  used  as  a  control.  C)  Immunocytochemistry  was  employed  to 
detect  the  expression  of  viral  protein;  only  BC  cells  stained  HERV-K  positive  but  not  MCE-lOA 
non-tumorigenic  breast  cells.  D)  Immunoblot  assays  were  used  to  detect  the  expression  of 
HERV-K  protein,  using  P-actin  as  a  control.  Enhanced  viral  protein  expression  was  observed  in 
BC  cells  compared  to  the  expression  in  MCE-lOA. 
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Fig.  S2A 


Fig.  S2B 


Clontech 


54 


Fig.  S2C 
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Fig.  S2  Construction  of  K-CAR  and  artificial  antigen  present  cells  (aAPCs):  A)  An  HERV- 
K-specific  CAR  was  produced  with  6H5  scFv  to  generate  K-CAR.  The  schematic  representation 
depicts  the  modular  composition  of  the  K-CAR  used  in  this  study,  which  includes  a  signal 
peptide  (SP),  6H5  scFv  as  an  extraeellular  domain,  an  Fc  domain  (IgG4),  a  transmembrane 
domain  (CD28Tm  and  CD28Cyto),  and  an  intracellular  signal  transduction  domain  CD3:^. 

K562  cells  were  transiently  transduced  with  a  pFVX-K  env  lentiviral  vector  (B)  for  the 
expression  of  HERV-K  and  used  as  aAPC  cells.  The  expression  of  HERV-K  in  aAPCs  was 
identified  by  RT-PCR  (C),  immunoblot  (C)  and  FACS  (D).  K562  cells  transiently  transdueed 
with  the  vector  only  were  used  as  controls.  The  expression  of  HERV-K  in  aAPCs  was  increased 
approximately  4-fold  in  aAPCs  compared  with  eontrols.  T-eell  populations  underwent  K-CAR- 
mediated  numerical  expansion  on  y-ray  irradiated  HERV-K"^  aAPCs  (100  Gy). 
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Fig.  S3C 
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Fig.  S3  Characterization  of  K-CAR  T  cells:  A)  The  morphology  of  K-CAR  T  cells  after 
growth  for  1,  21  and  35  days  (top  panel).  The  proliferation  rate  of  K-CAR  T  cells  from  patient 
243  was  significantly  less  than  for  NDl  control  (bottom  panel).  B)  The  percentage  of  K-CAR"^  T 
cells  from  12  normal  donors  and  9  BC  patients  was  compared  on  day  28  post-transduction  with 
K-CAR  constructs.  C)  A  chromium  release  assay  was  used  to  determine  the  percentage  of 
chromium  released  from  aAPC  cells  compared  with  HERV-K“  kidney  cells  (HEK293  cells).  D) 
Both  EOXP3^  and  CD25^  cell  populations  in  K-CAR  T  cells  obtained  from  NDl  and  BC  patient 
157  were  determined  by  EACS. 
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Fig.  S4D 
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Fig.  S4  Characterization  of  K-CAR  function  in  specific  killing  and  cytokine  production:  A) 

K-CAR  T  cell  killing  of  various  target  eell  lines  was  eompared,  using  a  5  to  1  ratio  versus  a  20  to 
1  ratio  of  K-CAR  T  eells  to  target  eells.  Signifieantly  enhaneed  target  eell  death  was 
demonstrated  in  BC  eell  lines  when  the  ratio  of  K-CAR  T  eells  to  target  eells  was  increased. 
However,  inereased  ratios  of  CAR  to  target  did  not  inerease  killing  of  MCF-lOA  normal  breast 
eells  as  it  did  for  BC  cells.  B)  Deteetion  of  release  of  IFN-y,  IL-2,  and  TNF-a  cytokines  in  target 
eells  treated  with  K-CAR  T  eells  obtained  from  BC  patient  243  or  normal  donor  NDl .  Higher 
eytokine  release  was  observed  in  BC  cells  treated  with  eontrol  T  cells  or  K-CAR  T  eells  from  the 
BC  patient  than  from  the  eontrol  normal  donor.  C)  Tumor  sizes  and  weights  were  eompared 
among  treatment  groups  or  a  group  with  no  treatment  (blank). 
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Fig.  S5A 


Fig.  S5C 


MDA-MB-231 


T  cells 


K-CAR 


MDA-MB-435.eb1 


Blank 


T  cells 


K-CAR 


HERV-K 


Fig.  S5D 

MDA-MB-435.eb1 


m  PBMCs 
^  PBMCs+IL-2 
O  Blank 
S  K-CAR 
nn  T  cells 


c 

O 


El  PBMCs 
E3  PBMCs-)-IL-2 
T  □  Blank 
"H  S  K-CAR 
DO  T  cells 


p=0.0492 

nji 


u> 

Vi 

0) 

L- 

Q. 

X 

0) 

CO 

lA 

Q. 


loo¬ 


se- 


El  PBMCs 

PBMCs-fIL-2 
O  Blank 
S  K-CAR 
DD  T  cells 


p=0.0424 


65 


Fig.  S5  Reprogramming  of  gene  expression  in  tumor  biopsies;  FACS  assay  was  used  to 
determine  the  expression  of  HERV-K  env  protein  in  tumors  obtained  from  mice  treated  with  K- 
CAR  or  control  T  cells.  Significantly  decreased  expression  of  HERV-K  was  demonstrated  in 
MDA-MB-23 1  tumors  (A)  and  MDA-MB-435.eBl  tumors  (B)  treated  with  K-CAR  compared 
with  T  cell  treatment  or  no  treatment  (blank).  C)  The  expression  of  HERV-K  env  at  the  protein 
level  was  determined  by  EACS  and  reduced  protein  expression  was  observed  in  tumors  treated 
with  K-CAR  compared  with  T  cell  treatment  or  no  treatment  (blank).  D)  Reprogramming  of 
gene  expression  including  upregulation  of  TP  53  and  downregulation  of  MDM2  was  associated 
with  downregulation  of  HERV-K  expression  in  tumor  biopsies  of  mice  treated  with  K-CAR, 
compared  to  all  other  treatments. 
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Fig.  S6C 
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Fig.  S6D 
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Fig.  S6  Reduction  of  metastasis  in  mice  treated  with  K-CAR:  A)  Green  florescenee  was  used 
to  deteet  human  cancer  cell  presence  in  mice  treated  with  K-CAR  or  T  cells,  or  untreated  (blank) 
Greater  fluorescence  intensity  indicates  the  presence  of  human  cancer  cells.  B)  Lung  and  brain 
tissue  weights  of  mice  treated  with  K-CAR  or  other  treatments  were  compared.  Significantly 
reduced  lung  weights  were  seen  after  K-CAR  treatment  of  mice  bearing  MDA-MB-23 1  tumors, 
compared  with  T  cell  treatment.  C)  Green  florescence  was  used  to  detect  the  human  cancer  cells 
in  lung,  liver  and  brain  of  mice  treated  with  T  cells,  K-CAR,  or  untreated  (blank)  (top  panel). 
Green  florescenfi  tissue  pieces  were  observed  in  mice  treated  with  T  cells  or  untreated  (blank), 
but  not  in  K-CAR  mice.  Green  fiorescent^  cells  were  also  observed  in  pleural  lavage  fluid  of 
mice  treated  with  T  cells,  but  not  with  K-CAR  (bottom  panel).  D)  Metastatic  cancer  cells  were 
observed  in  cell  cultures  two  weeks  after  cultures  were  initiated  from  minced  green  fluorescent^ 
tissue  pieces.  E)  The  expression  of  HERV-K  was  detected  in  brain  tissues  obtained  from  mice 
treated  with  T  cells,  but  not  K-CAR  by  IHC  using  6H5  mAh. 
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Table  1  Demographic,  medical,  and  independent  variables  measured  at  baseline  of  breast  cancer 


Acc. 

Age/Race 

Diagnosis 

Stage 

ER 

PR 

Her2 

NG 

Mastectomy 

FAC 

Neoadjuvant  Taxol 

Radiation 

Endoerinotherapy 

108 

55wf 

mets  IDC 

IIIB 

pos 

pos 

neg 

3 

Yes 

Yes 

Yes 

Yes 

157 

59wf 

DCIS 

I 

pos 

pos 

N/A 

2 

Yes 

229 

54hf 

IDC 

I 

neg 

neg 

neg 

3 

Yes 

Yes 

Yes 

Yes 

233 

37hf 

IDC 

IIA 

neg 

neg 

neg 

3 

Yes 

Yes 

Yes 

Yes 

237 

58af 

DCIS 

I 

pos 

pos 

N/A 

3 

Yes 

243 

56bf 

DCIS 

I 

neg 

neg 

N/A 

3 

Yes 

257 

69wf 

ILC 

IIA 

pos 

pos 

pos 

3 

Yes 

Yes 

261 

41wf 

DCIS+IDC 

IIA 

pos 

pos 

neg 

2 

Yes 

Yes 

Yes 

Yes 

267 

57wf 

E.C+IDC 

IIA 

pos 

pos 

neg 

1 

Yes 

Yes 

Yes 

Yes 

FAC=nuorouracil  500  mg/m’,  doxorabicin  50  mg/m",  and  cyclophosphamide  500  mg/m2 


IDC:  Invasive  ductal  carcinoma 
Mets  IDC:  Metastasis  IDC 
DCIS:  Ductal  carcinoma  in  situ 
ILC:  Invasive  Lobular  Carcinoma 
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